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ABSTRACT
Terahertz (THz) radiation has remained the least developed part of the
electromagnetic spectrum for quite a long time and thus it was traditionally known as
the ‘terahertz gap’. The progress of research in this field has been hindered by lack of
powerful sources and detectors as compared to both the sources and detectors for the
electronic and optical sides of the terahertz radiation region. However, the research on
the THz field has intensified in recent years due to a number of emerging interesting
technologies and owing to its unique properties. It has several advantages over its
counterparts like X-ray and hence it has attracted much interest in a variety of
applications scientifically and commercially.
THz work has been recently focused in the low frequency region (0.1-3 THz).
This is the region where most of the THz spectral features of many materials lie.
Studies in this frequency range have been seen revolutionizing the THz field giving it
a pool of potential applications which are still yet to be realized. The low frequency
THz region (0.1-3 THz) is accessible through the use of the THz-TDS technique and
this technique is the mostly used to date. The value of this method is evident
throughout the work published in terahertz research and thus its use prevails over
other techniques. Many materials show some spectral features in the much higher
frequency region (up to 21 THz), but however this frequency range has not attracted
much attention in comparison to the low frequency range which of course is more rich
in THz spectral features. Furthermore, although the low frequency THz region has
been quite extensively studied, the concentration has been at room temperature with a
few temperature-dependence studies mostly done at particular temperatures rather
than over a wide range.
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This thesis project addressees the scarcity of studies of materials at higher THz
frequencies (up to 21 THz) as well as the temperature dependence of the spectra over
a wide temperature range. Fourier Transform Infrared Spectroscopy offers an
opportunity to study materials at higher frequencies and thus availing information
about materials over the whole terahertz frequency range. Acquiring information in
different regions of the terahertz region enables the comparison between the different
areas and gives a more detailed understanding of terahertz spectroscopy necessary to
achieve further progress in this field. Fourier Transform Infrared (FTIR) spectrometer
will be used to study different materials mostly of solid nature.
Density Functional Theory (DFT) computational method were employed to
calculate vibrational modes of different materials. These calculations are important in
the interpretation of the THz spectra which are usually complex and not easy to
interpret by just looking at the spectra. These calculations give a comparison between
what is obtained experimentally and theoretical and hence aid in the analysis of the
spectra. The DFT calculations can be used for the assignment of the vibrational
frequencies. This method allows one to view the different vibrations modes and to
unambiguously assign the spectral features. Apart from this, the accuracy of the DFT
methods in describing the experiment will be tested by comparing calculations of the
same compound from different methods. Effects of other aspects of these methods
will also be investigated, for example a comparison between calculations with and
without the Van der Waal corrections will be made to test the effect this has on the
vibrational energies.
This thesis is divided into 7 chapters. Chapter 1 presents the literature review; it
introduces the THz field, outlines its characteristics, shows its significance and gives
an overview of its applications.
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Chapter 2 presents the experimental techniques used. It gives a brief description
and the importance of every component of the system. It also discusses the choice of
some components over their counterparts. This chapter also presents the preliminary
measurements done to optimize the system for better results and also to familiarize
oneself with the experimental technique.
Chapters 3-6 are the empirical chapters. These chapters present the results of
different materials which have been studied. Chapter 3 aims at showing how the THz
spectrum of a material can be altered by the presence of a foreign substance. In this
chapter the spectrum of an alkali halide (rubidium bromide) exposed to water will be
studied.
Chapter 4 presents the spectra of benzoic acid and two of its derivatives. The
capability of the FTIR technique in distinguishing compounds of almost identical
molecular structures is shown. This can be helpful in material characterization.
Chapter 5 presents the THz transmission of 2, 4- dinitrotoluene. The main
objective of this chapter is to show the application of THz spectroscopy in the study
of explosive related material which can be very useful for security applications.
Chapter 6 studies biochar, terra preta and Australian soils. THz spectroscopy is
used to determine the constituents of materials of very complex unknown structures.
The results of Chapters 4 and 5 are used here for comparison of spectral features,
which will give insight of the origin of the spectral features of biochar, terra preta and
Australian soils.
Finally, Chapter 7 presents the overall summary of the main findings of the
thesis and offers some recommendations for future work.
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1. Introduction

1.1 Terahertz radiation

Terahertz radiation refers to the part of the electromagnetic spectrum sandwiched between
microwave and infrared regions. This position itself suggests that the terahertz systems require a
merge of optics (which is the high frequency side of the terahertz range) and electronics (being
the low frequency side of the terahertz range). This further implies that optical and electronic or
even a combination of optical and electronic means can be employed for terahertz detection,
processing as well as generation but this still remains a challenging aspect [1, 2]. Precisely 1
terahertz is equivalent to the energy of 4.1 meV, in wavenumbers it is equal to 33.3 cm -1 and it
corresponds to 300 microns. These are waves with a frequency around 1012 Hz. The range of this
spectral domain is not explicitly defined. Some people define it as a range spanned between 0.1
and 10 THz [3, 4, 5] while others define it to be between 0.3 and 20 THz [6] and moreover it can
be extended from 0.1 to 30 THz [7]. Most of researchers restrict its definition to 0.3-3 THz
spectral range [8]. Its definition dependents on the frequency ranges people are able to work at,
which is dictated by the kind of terahertz system in use. In most of the older sources, the idea of
terahertz radiation is often referred to as submillimeter or the far infrared waves.
Terahertz waves penetrate a variety of materials such as clothing, ceramics, and plastics,
cardboard, soil and wood [9, 10] and hence making it applicable to the studies of a range of
materials, even the conventionally opaque ones. It is a non ionizing form of radiation with its
photon energy six orders of magnitude lower than the X-ray photon energy and thus it does not
pose any health risks if used to study live cells. Terahertz radiation is strongly absorbed by water
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which can be good or bad depending on the application. Moisture or even water vapor limits the
penetration depth or the propagation of terahertz waves which is a disadvantage but on the other
hand this is an advantage in the humidity related measurements. The position of the Terahertz
radiation in the electromagnetic spectrum is shown in Figure 1.1.

Figure 1.1: The electromagnetic spectrum showing the region occupied by the terahertz
radiation.

1.2 Brief comparison of THz waves with other electromagnetic waves

Although THz radiation remains the least explored region of the electromagnetic
spectrum, it has many advantages over the other regions of electromagnetic spectrum owing to
its unique characteristics which have been mentioned in section 1.1. THz radiation displays a
highly reduced risk of radiation to tissues, as compared to the X-ray and microwaves [11, 12]. Its
photon energy is by about six orders of magnitude lower than for the x-rays and hence does not
produce any detectable effects in the human tissues. The extreme strength of penetration of the
2

X-rays can sometimes make objects invisible while on the contrary THz radiation has a weak
penetration power and as such it makes objects that cannot be seen with X-rays visible [13].
THz radiation is more sensitive to the type of materials it passes through and it is more
selective than the X-rays, hence it has the advantage of producing increased image contrast
which helps to differentiate between various soft materials [14, 15]. This works hand in hand
with the property of many materials exhibiting specific absorption characteristics in the THz
range. In the analysis of the frequency dependence of the transmitted THz power, many
substances show particular spectral characteristics which allow what has already been defined as
fingerprinting. Despite the THz energy being far lower than that of X-rays, it is large enough to
promote rotational, vibrational and translational transitions of molecules [16, 17] and hence can
be used for identification of chemicals in an unknown target.
THz radiation is capable of probing both the intermolecular and the intramolecular
behavior of solids while the infrared radiation probes only the intramolecular behavior [18].
Precisely, the mid-infrared radiation probes the high energy, intramolecular bonds for example
the functional group rotations, oscillations and stretches, [19] while the THz radiation probes the
longer range, lower energy intermolecular modes, such as hydrogen bond torsions and librations
and whole molecular stretches [19]. As compared to both the visible and the infrared
wavelengths, the THz wavelengths are less scattered from the targets [10, 11] while the visible
and the infrared radiation are strongly scattered. This makes THz imaging techniques
advantageous over these other techniques because they have longer wavelengths and therefore
they can give a drastically improved contrast because of low Rayleigh scattering [17]. THz
radiation can be used to study any form of matter be it gas, liquid or solids.
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1.3 Interaction of electromagnetic radiation with matter

Electromagnetic waves are a form of energy transmitting waves that are capable of
propagating through empty space. They are comprised of electric and magnetic fields and are
basically produced by oscillating electric charges. The electric and magnetic fields are
perpendicular to each other and to the direction of propagation of the wave and thus they are
transverse in nature. The basic principle behind the interaction of an electromagnetic wave with
matter is that some of the energy it posses is passed through the empty space and the rest of it is
absorbed and changed in some way. There are different processes that can occur between the
interaction of electromagnetic waves with matter and some of these are governed by the type of
wave and the type of matter it encountered. For instance, the interaction between light and solid
will differ from the way light interacts with a gas or a liquid of the same chemical compound.
The next section will briefly discuss some of the common processes that can occur in the
interactions of electromagnetic radiation with solids.
1.3.1 Absorption

Absorption occurs when the energy of the incoming radiation is taken in by the illuminated
material. It happens when the frequency of the EM wave is resonant with the transition
frequencies of the atoms or molecules in the medium [20]. During this process the energy may
be changed from one form to the other. For example, when the electrons of the materials
illuminated are hit by the radiation, they will absorb the energy of the radiation and move to a
higher orbit or excited state. When a medium absorb electromagnetic radiation, there will be a
drop in the transmitted intensity. The absorption of electromagnetic radiation by a non scattering
medium is described by Beer-Lambert Law. This law states that the absorbance A of a uniformly
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absorbing material is equal to the logarithm of the ratio of the incident light intensity and the
light intensity transmitted through the material. Its mathematical representation is as shown by
equation 1.1

where ε is the extinction coefficient of the absorbing medium, c is the concentration while l
is the thickness of the material. The product of the extinction coefficient and the concentration
gives what is called the absorption coefficient (α) and it has the units of (cm-1). Absorption of
radiation by solids is due to lattice vibrations and electronic transitions. Absorption involves
different processes which are dependent on the type of radiation. For instance, in the case of mid
and near infrared radiation which lies at energies substantially higher than the reststrahlen region
and yet falls below electronic absorption edge, the primary source of absorption is multiphonon
summation process [21]. On the other hand for the millimeter and submillimeter regions which
occur in the low energy side of the one-phonon reststrahlen region, the primary source of
absorption is the two-phonon difference process.
1.3.2 Scattering

Scattering is the process whereby a beam of photons is dispersed into different directions
due to the interaction between the medium and the photons. There is possibility that the
frequency changes too, however there is no change in the number of photons. Scattering can be
caused by a variance in the refractive index of a material. Photons are usually scattered in
random directions and the direction may depend on the size of the scattering material, the
refractive index and as well as wavelength of light. Scattering can either be elastic or inelastic
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and there are several distinct types of these. Scattering is elastic if there is no change in the
frequency of the scattered wave. If there is a frequency change in the process, then the scattering
is termed inelastic. There exist different types of both elastic and inelastic scattering, with
Rayleigh scattering [22] being an example of elastic scattering while Raman scattering [23] is an
example of inelastic scattering.
1.3.3 Reflection

This is a process in which in encountering the medium, the incident light will change
direction and return to the medium which it was originating from. This may be taken as a form of
a scattering process but it is different from scattering in that the angle of incident should be equal
to the angle of reflection. Considering THz studies, this process can be used to study materials
like metals which do not transmit THz radiation and even materials which absorb it. The
percentage of the light reflected by a sample can be calculated by taking the ratio of the light
intensity reflected by the sample and the reference. The reference can be any material which is
totally reflective. This can be expressed generally as:

1.3.4 Transmission

In transmission, the EM radiation passes through the bulk of material. The wave which is
incident on the medium will emerge on the other side of the medium in the same direction
without any distortions. Transmission is related to absorption. This is because only the radiation
which is not absorbed will be transmitted. The percentage transmission of the sample can be
evaluated from equation 1.3 below:
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1.4 Terahertz spectroscopy

There has been an advance in the methods used to generate and detect THz frequency
radiation recently. This has fueled the expansion of THz spectroscopy [24-26] studies. THz
radiation can be used to study spectroscopic characteristics of a variety of materials such as
liquids, gases and solids since THz frequencies provide information related to crystalline
vibrations in solids, intermolecular interactions in liquids and rotational transitions in gases [24,
27]. It finds application in many and varied areas of research which encompass astronomy
[28,29], health and medicine [30-37] and sciences [38, 39]. There are varieties of THz
spectroscopy techniques. These include dispersive spectrometers, Far Infrared Fourier Transform
Spectrometer (FTIR) and Terahertz time domain spectrometer (THz-TDS). These techniques
operate in different ways and they employ different optical components. For example, the
dispersive spectrometer involves the use of gratings while the other two techniques do not. The
common components between them are the sources and the detectors, even though they may be
of different kinds.
Traditionally, the dispersive spectrometer was the commonly used one. The use of this
technique is limited by several factors. First of all, the scanning process is very slow for this
method. Information about different frequencies is measured individually rather than being
measured simultaneously. This leads to very long scanning periods and speed. The other
disadvantage of this system is that it requires to be calibrated by the user as it is not internally
calibrated [40]. The limitations of this instruments inspired researchers to search for a better
method and hence the birth of a Fourier Transform Infrared (FTIR) Spectrometer. The FTIR
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technique is a more powerful tool than dispersion spectrometer as it is capable of working with
weak signals. This system presents a high signal to noise ratio as compared to the dispersive
techniques. It also has high spectral resolution and shows high spectral accuracy. In addition, it is
the quickest method to use as it collects wavelengths simultaneously depending on the required
accuracy. Measurements using the FTIR are collected within a very short period of time.
Measurements which could take days using the dispersive spectrometers can take just a few
seconds using the FTIR. This instrument overcame most of the limitations of the dispersive
techniques but it still remains a complicated procedure to do measurements below 1 THz because
of the weak spectral intensity of the sources used which were commonly the high pressure
mercury lamp [41].
Lately, the most used technique is the THz-TDS. THz-TDS has many advantages as
compared to the FTIR. Its first appearance was in the late 1980’s [42]. THz-TDS and the FTIR
use different sources. For the FTIR, the sources are continuous- wave sources whereas the THzTDS uses the coherent pulsed sources [43]. The THz-TDS is capable of measuring directly the
field amplitude and the phase of the THz pulse [44, 45], unlike the FTIR which measures only
the amplitude. From the THz-TDS measurements, both the absorption coefficient and the
refractive index of materials can be obtained. This is made possible by that absorption and
refractive index are directly associated to the amplitude and phase respectively of the transmitted
field. Conversely, FTIR measures the field intensity and therefore provides only the absorption
coefficient [44-45]. THz-TDS has a better signal to noise ratio of about 10 6, as compared to the
FTS which has the ratio of roughly 300 [44]. Hence, the performance of the THz-TDS outweighs
that of the FTIR. It is possible to study transmission of materials with fairly high absorption
coefficients with the THz-TDS. The peak optical intensities of the sources used for the THz-TDS
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are greater than those for the CW sources employed in the FTIR [44] by some orders of
magnitude and hence allows for the measurement of transmission of materials which are highly
absorptive.
The THz-TDS yields a time-domain waveform which is then Fourier transformed to obtain
both the amplitude and the phase spectra. This implies that the optical parameters in the THz
region can be extracted without extrapolating the spectra and resorting to other procedures like
the Kramers-Kronig analysis [46]. Despite the THz-TDS being advantageous than the FTIR
system, the use of the FTIR never stopped. It is unique in that it covers a higher frequency range
which the THz-TDS cannot access.
The decisive check for any THz spectrometer is how good a spectrum it can produce and
how long it will take to record it given a definite wavenumber range at a definite resolution and
with a definite type of sample. The goal is being able to collect a high quality spectrum which is
well resolved, and informative, which will make its analysis easier and more reasonable. A
spectrometer which can do this in a short time is of importance to most if not all researchers.
1.5 Fourier transform infrared (FTIR) spectrometer

The FTIR was the most accepted practice before the initiation of the THz-TDS system. It is
a form of the Michelson interferometer with the frequency range which can extend to the near
infrared and into the visible region. It is a very simple and powerful way of obtaining a high
quality spectrum. FTIR is an appropriate tool for general use. Extensive work has been done
using this technique and it is still being used at present [47, 48] though its use its limited as
compared to the THz-TDS.
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A schematic diagram of the FTIR spectrometer is shown in Figure 1.2. It typically consists
of two mirrors, one fixed and the other movable, a beamsplitter, an incoherent source, a detector,
sample and a data acquisition system. The radiation from the source is focused on a circular
aperture with diameter ranging from 1 to 10mm. The beamsplitter then divides the light that is
collimated into plane waves into two beams. 50% of the beam is transmitted through the
beamsplitter to the fixed mirror and the other 50% is reflected off the beamsplitter to the moving
mirror. The two beams are then reflected back from the two mirrors and recombine and interfere
as they reach the beamsplitter again. After recombination, the beam is then sent to the detector.
When the paths traversed by the two beams in the two arms of the interferometer are equal, the
beams interfere constructively but since the other mirror is not fixed there will also be
destructive interference due to the difference in the paths covered by the two beams.

10

Figure 1.2: Schematic diagram of a Fourier Transform Infrared Spectrometer.
The moving mirror is at different positions at different times during the scanning process
and if the scanning mirror moves at a constant speed. The difference in the beam paths is termed
the optical path difference (OPD). In the case where the path traversed by the moving mirror is
equal to the path of the fixed mirror, this condition is called the zero path difference (ZPD). The
OPD is measured with reference to the ZPD. During the scanning process, an interferogram is
obtained. It has a maximum signal where the wavelengths are in phase which occurs at the ZPD.
The contribution of the different wavelengths is at the maximum and a very strong signal is
produced by the detector. The signal reduces as one moves away from the central maximum.
There, the interferogram has an oscillatory behavior with decreasing amplitude. Figure 1.3 is an
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example of an interferogram. An interferogram is simply a superposition of different frequencies
or wavelengths from the source. It can be represented mathematically as:

which is the energy detected at the path difference r, with

being the spectrum

presented in wavenumbers, .

Figure 1.3: Interferogram obtained from a polypropylene sample.
It is difficult to distinguish any physical features of the sample directly from the
interferogram by looking at the features of the interferogram. Even though experienced people
can guess the shape of the real space spectrum by just looking at the interferogram, it is

12

necessary to apply a Fourier transformation to the interferogram in order to mathematically
unscramble the desired wavenumber- intensity spectrum for analysis. The quantity of interest
from equation 1.4 is

,which is the actual spectrum. It can be obtained by applying inverse

Fourier transform to the interferogram as follows:

The result of the transformation is the spectrum shown by Figure 1.4.

Figure 1.4: Fourier transform of the interferogram (Figure 1.3). The oscillations seen are due to
interference fringes.
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The process of obtaining a spectrum from the interferogram is computer based. The
interferogram is sent to a digital computer and a Fourier transform is done outputting a spectrum.
Although all the work is done by the computer, it is essential for one to know how this is done in
order to assess the reliability of each measurement. In the earlier days the instruments did the
Fourier analysis using the bandpass filters [49] but this was hindered by the signal strength
which was too low to detect it easily. To rectify this problem, the interferometer was scanned
only once in a step by step movement of the mirror. This was not efficient in that the stepwise
movement of the mirror in the interferometer was not easy to control leading to less accurate
positioning and it introduced more errors [49]. Therefore, sampling of the interferogram with a
continuous and smooth movement with also taking scans repeatedly to lessen the noise to a
tolerable value was introduced as a better way of collecting data.
The FTIR technique uses continuous wave sources. The most commonly used sources with
this method are the blackbody radiation sources such as the globar which has been used since the
1960’s [7, 50]. It is made up of a heated silicon carbide rod and it operates at high temperatures.
This source covers a wide spectral region but it has a weak output power of the order of
picowatts. These sources are less powerful as compared to sources of other forms of radiation
and research is still ongoing to find efficient THz sources which will benefit applications in
various areas. Other sources which are used in the FTIR spectrometer are high pressure mercury
lamps [7] quartz lamps and tungsten filament lamps [51].
On the side of detectors, the FTIR spectrometer commonly uses the direct (thermal)
detectors. These are detectors which receive incoherent radiation; therefore they record only the
incident amplitude of the pulse [52-54]. The way in which these detectors work is that the
absorbed radiation will cause the temperature of the detector to change. This will in turn cause
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changes in some temperature-dependent parameters for example, resistivity in the sensing
element of for example, the bolometer, and in the output, an electrical signal will be detected
[55, 56]. The performance of thermal detectors is limited by the background noise and the long
response time. These conditions are attributed to the fact that the detectors which fall under this
category mostly respond to a wider spectral range. The background makes the noise equivalent
power high and hence puts a limit to the sensitivity of the detector. Examples of detectors used
with this technique are the liquid helium cooled bolometer, mercury cadmium telluride (MCT)
and deuterated triglycine sulfate (DTGS) detectors. The liquid helium cooled detectors are found
to have a reasonable noise equivalent power (NEP) as compared to the other detectors. The NEP
is the key indication of how good the detector is. It has to be as small as possible because small
NEP implies a greater signal to noise ratio (SNR). The reduction of temperature in the bolometer
results in ultimate performance, as well as reducing the thermal capacity and thus improving
response time [53-55].
MCT detectors work at the liquid nitrogen temperature (77K). They are less sensitive than
the bolometer. As compared to the DTGS, they are faster and less noisy. The DTGS itself is a
room temperature detector. These detectors are easy to use and do not require any special
treatment. It has however two main disadvantages. Different elements of detectors respond to the
intensity of radiation at different speeds and the DTGS is relatively slow to respond to the
changes in the intensity of the radiation as compared to other detectors [57]. The other
disadvantage that this detector has is the high level of noise. They are relatively noisy in
comparison to other detectors. They are suitable for routine analysis of samples and are not
suitable for demanding applications [57].
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Apart from their performance, the choice of the detector to be used may be based on the
focus of the research. The detectors cover different bands of the terahertz frequency range
depending on other optical parts used like beamsplitters. The spectral region one is interested in
dictates which detector is suitable. Figure 1.5 shows the comparison of spectra obtained using the
DTGS, MCT and the liquid He cooled Si bolometer.

Figure 1.5: Spectra collected using different detectors. These spectra were collected with no
sample in the path of the beam. The DTGS and bolometer were used in combination with the
broadband beamsplitter and the MCT was used with the KBr beamsplitter.
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The DTGS and the bolometer cover a wider band of the terahertz frequency range. Both
the DTGS and the bolometer are suitable for measurements below 200 cm-1 but the most efficient
detector to use will be the bolometer because it is more sensitive than the DTGS as can be seen
from Figure 1.5. In this case the bolometer cuts off at around 30 cm-1 while the DTGS cuts off at
around 200 cm-1 thus making the bolometer a good candidate for much lower frequency
measurements. The MCT covers a very small portion of the terahertz region. Its performance is
good in the mid infrared region. It cuts off at around 400 cm-1 which is approximately 12 THz.
The spectra were collected with no sample in the path of the beam. What these spectra show is
mostly the characteristics of the instrument. The absorption peaks seen in the spectra are the
effects of the windows used and also some contribution from the beamsplitters used.
1.6 Applications of THz spectroscopy

Terahertz spectroscopy of samples in the different states of matter has been extensively
studied in the past with studies being concentrated at low frequencies. Many materials have
spectral fingerprints in the terahertz frequency range and hence this radiation can be used to
characterize or even detect different materials for different applications. Interest in the
investigation of solid samples in the THz frequency range has in recent years expanded because
of the availability of instruments commercially as well as improvement in the detectors and
sources of the THz radiation. Solid samples which have attracted much interest are ones mostly
related to security for example explosives, pharmaceuticals as well as polymer materials. The
following sections give a brief literature survey of the THz spectroscopy research for the
materials and compounds presented in this thesis.
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1.6.1 Effect of water in the THz spectrum of alkali halides

The optical spectra of alkali halides have been previously studied at length. These
materials are technically important in infrared spectroscopy due to their transparency in this part
of the electromagnetic spectrum. Alkali halides have high transmittance over a wide range of
frequencies and so are employed as spectrometer windows in the far-infrared/terahertz regions
[58-60]. Alkali halides are hygroscopic materials but this property has not stopped their use in
spectroscopy. Far-infrared [61] visible [62] and ultraviolet [63] transmission measurements have
been made of alkali halides previously. Pure alkali halides do not exhibit absorption lines in the
far-infrared region [61, 64]. As can be seen from Figure 1.6, the transmission measurements are
not characterized by any absorption bands in the frequency range between 200 and 700 cm-1.
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Figure 1.6: Transmission and reflection spectra of KI, CsBr and NaCl. The spectra were
collected at the resolution of 0.5 cm-1 using the DTGS detector. 512 scans were averaged.

Crystal or surface imperfections, color centers, or impurities do not produce absorption
lines in this region. However, introducing water into an alkali halide [65-67] (or any other halide
[68]) yields absorption peaks in the spectral range 9-20 THz (300-700cm-1). Figure 1.7 shows the
infrared spectrum of a sodium bromide with two molecules of water. The resulting sharp
absorption peaks have been found to be due to the motions of the water molecules in sodium
bromide crystal.
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Figure 1.7: Infrared spectrum of NaBr.2H2O [67].

The absorption lines appearing in the spectra of alkali halides with water have been
interpreted as arising from hindered rotations (or librations) of water. The librational modes are
categorized as rocking (R), wagging (W) and twisting (T), representing hindered rotation around
the x, y and z-axes, respectively [69]. In his studies, Elsken and his colleague [67] showed that
the spectra of alkali hydrates in the spectral range mentioned above arose from the libration
modes of water molecules as it was shown by the frequency changes on the substitution of
deuterium oxide. This was shown by the disappearance of the corresponding vibration bands in
the spectra of heavy water hydrates suggesting that the observed bands originated from the
modes that involved mainly hydrogen motions. Their study further revealed the same general
features for the spectra of monohydrates and dihydrates. On a different study by Tayal and
colleagues [69], the same features were also observed for alkali halides with different numbers of
water molecules. However, the main differences between the spectra were the shifts in the
energies for monohydrates, dihydrates and so on. For example, LiCl.H 2O gave absorption bands
at 635, 589 and 343 cm-1 (19.24, 17.85 and 10.39 THz), LiCl.2H2O gave absorption bands at
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626, 593 and 317 cm-1 (18.97, 17.97 and 9.61 THz) and lastly LiCl.3H2O showed absorption
bands at 638, 562 and 318 cm-1 (19.33, 17.03 and 9.63 THz). Furthermore, Max and colleague
[66] studied the IR spectroscopy of aqueous solutions of alkali halides. They found that alkali
halides ionize in water, but the ions by themselves do not absorb the IR radiation. However, the
interactions of the ions with water can be observed and they give distinctive spectral features.
The deviation in the spectra is linked to the number of water molecules per salt molecule. It was
also found that each pair of ions of the alkali halide solutions are close bound and form a
complex in a cluster organization with fixed number of water molecules [66]. The various ion
pairs were found to interact differently with the water molecules in the clusters, indicating that
there is a chemical bond between the ions and the water molecules. The water molecules are
hydrogen bound together and bound to the ion pairs [66]. Additionally, Ault [65] investigated the
reaction of salt molecules with water in an argon matrix. The infrared spectra of this complex
showed two bands between 400 and 700 cm-1 (12.12 and 21.21 THz), which is the region where
the librations modes of water lie.
Study of the librational modes of water in crystals can be used to elucidate the crystal
fields, as well as interaction of water with crystal ions. The interaction of water with ions is still
not well understood, even though it plays a key role in the formation of hydrated crystals and
proteins [70-74]. Hydrogen bonding network of water at interfaces of liquids and solids is a
complex structure, relevant for an array of phenomena [75]. Classical self-consistent formulation
of water libration for water molecules confined by hydrophobic interfaces in biological systems
shows that internal dipolar fields become enhanced at the hydration layer, with large local
fluctuations [76]. This is the dominant mechanism for slaving protein processes by the
surrounding solvent. Understanding the mechanisms of adsorption of water on surfaces and
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absorption in crystals on molecular level is an important goal for many disciplines related to
solid state physics. Water molecules may change little during the absorption, but can also
undergo strong structural changes. For example, hydrogen can dissociate from water when
adsorbed on silica clusters [77]. Water on the surface of Ru forms flat lying clusters, optimizing
the Ru-water interaction at the expense of water-water interaction [78]. All these changes in the
water molecules upon absorption/adsorption will affect their vibrational and librational
absorption lines, which makes the infrared spectroscopy an effective tool in studying the
interaction of water with solid matter. Reports on the temperature dependence of the linewidth,
energy and intensity of the libration modes are scarce, yet the temperature dependence can
provide critical insights into the interaction between water and the surrounding ions.
1.6.2 Characterization of Benzoic acid and its derivatives using THz spectroscopy
Benzoic acid (BA) and its derivatives are examples of small molecules important in many
research areas and industries, such as proton transfer systems, photosynthesis and pharmaceutical
industry. In the past, extensive work has been done on these materials at higher frequency region
(infrared) primarily because of the experimental difficulties and the complexity in interpretation
of the THz spectra. More recently, the studies of these materials have been concentrated in the
very low THz region (<3 THz) using the THz-TDS system [79-87]. This system has proven to be
a very important tool in providing a unique fingerprint of the conformational state of molecules
[88]. Despite BA and its derivatives having similar molecular structures, they show different
THz spectra in this range and thus showing the robustness of this method in picking up even
small changes in structures of materials as can be seen in Figure. 1.8.
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Figure 1.8: The absorption spectra of (a) benzoic acid, (b) 2-hydroxybenzoic acid, (c) 3hydroxybenzoic acid and (d) 4-hydroxybenzoic acid [88]. (Note 4-hydroxybenzoic acid is not
studied in this project).
Benzoic acid is an example of a prototype hydrogen bonded system. Its derivatives, such as
2OH-BA and 3OH-BA make hydrogen bonded crystals and hence can be used to get a clear
understanding of intermolecular hydrogen bonding [82]. The study of these molecules at a bit
higher frequency range than the THz -TDS is important because it can add to knowledge of the
THz spectra in combination with numerical simulations of these spectra using numerically
efficient DFT-based methods. Comparison can be made between the different THz spectroscopic
techniques which can help in the improvement of the THz field.
Temperature dependence measurements of these systems at low frequencies are considered
to be particularly important in understanding the intermolecular and intramolecular interactions
and the role of hydrogen interactions. Takahashi et al [83] performed temperature dependent
measurements of benzoic acid at low energies and these revealed rich spectra which was not seen
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at room temperature as shown by Figure 1.9, further showing the importance of the temperaturedependence studies of the spectra of these materials.

Figure 1.9: Temperature-dependent THz spectrum of benzoic acid [83].
Other previous reports on these materials revealed that as these samples are cooled,
absorption peaks move to higher frequencies with decrease in temperature [83, 89], decrease in
width and the increase in intensity of the lines. These changes in peak positions, intensity and
width can give information about the dynamics of the temperature dependent potential energy
distribution of the hydrogen bonded networks [90]. While THz low temperature measurements
have been done for these systems, there are no reports of temperature dependent THz spectra at
higher energies and even over a wide range of temperatures. Temperature dependent
measurements can aid a better comparison between these molecules, since the THz spectra of
molecules can appear to be the same due to homogeneous and inhomogeneous broadening which
can obscure spectral lines [87].
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1.6.3 THz spectroscopy study of explosive materials

Among the potential applications of THz radiation is the detection and characterization of
explosives. Different techniques such as X-ray, microwaves and gamma rays have been involved
in the explosive detection. THz radiation has an advantage of penetrating the commonly used
non polar dielectric materials and hence it can be used to detect hidden explosives with no need
to destroy the packaging. A THz spectroscopic investigation of these materials has been a focus
of many researchers over the past few years due to its importance in security and defense
applications. Spectral fingerprints of explosives have been identified in THz range by many
research groups [27, 91, 92, 93-104]. The spectral fingerprints are collectively due to the
intermolecular and intramolecular vibrations of the explosive materials. The majority of previous
work on THz spectroscopy of explosives has been performed at room temperature using THzTDS [105, 106] and there are a few reports of the THz spectra at low temperatures. Table 1.1
shows the spectra of some explosive related materials at room temperature. As can be seen, these
materials present very unique spectra, with no two materials showing the same spectra. This is
very helpful in characterization as well as the detection of the explosive related materials.
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Table 1.1: The structural information and THz-TDS spectra of some explosive related materials
[106].
ERC and structure

Absorption spectra
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Most of the available low-temperature reports are mainly on cooling the sample to a
particular temperature. For example, Laman et al [91] reported on 2,4 dinitrotoluene (2, 4-DNT)
cooled to 11K while Ewelina et al [94] reported on various explosives cooled to 78K and Burnett
et al [107] worked on RDX over a wide range of temperatures. Studying the temperature
dependence of explosives by THz spectroscopy is important because it can reveal information on
their structure and molecular bonding. This information can improve the reliability of explosives
detection at room temperature.
1.6.4 Study of terra preta soils and biochar

Terra Preta is a special type of soil developed centuries back through intense anthropogenic
activities such as burning biomass [108]. Nutrient poor Amazonian soils were made fertile by
burying charred remains of plants, creating the so called terra preta. These soils commonly
known as the dark Amazonian soils have inspired many researchers because of their high fertility
and ability to retain nutrients and sequester carbon into the soils. Research on soils sampled from
the Amazon basin shows that terra preta is much richer in aromatic carbons than the surrounding
poor soils [108] and thus their fertility is associated with this. They have higher mineral and
organic matter content, water holding capacity, pH and cation exchange capacity [109, 110]. The
studies of the terra preta have revealed that they contain micro-aggregates that may have formed
by interaction of a range of organic materials.
Significant efforts are underway to develop an equivalent to terra preta soils, which could
be used as organic fertilizers. While exact skills for re-creating terra preta were lost, organic
fertilizers are being produced that are based on bio-chars, charcoals obtained through pyrolysis
of various organic materials [111]. These materials are formed by heating biological matter
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(green waste, plant offcuts, animal waste etc) in a low oxygen environment and thus the process
locks the carbon of the biomass in the biochar material. Biochars therefore represent a form of
carbon sequestration with the benefit of being used for cheap improvement in crop yield [112114].
The ability to sequester carbon makes biochar essential in reducing global warming as the
carbon will be sequestered for over a thousand years and hence being unable to contribute to
global warming in the form of greenhouse gases [112-114]. Mixing this material with soil
generally raises pH, encourages greater root development, hosts more beneficial fungi and
microbes and improves cation exchange capacity [113, 114]. This makes it useful to farmers as
it cuts down on the use of fertilizers and thus can reduce environmental pollution that can be
caused by fertilizes. Biochar as well improves the water storing capacity of the soils and its
ability to hold nutrients. The economic, environmental and social impacts of biochar on the
agricultural industry are more than ever promising. It has been identified that in New South
Wales biochar application at 10-20 t/ ha doubled sweet corn and soya beans yields whilst in
western Australia application of banded oil mallee biochar increased wheat income by up to
$96/ha at 2007 prices [115]. However, not all forms of biochars are effective fertilizers. It is
important to determine what makes Amazonian terra preta so effective by comparing its various
properties with different forms of artificial terra preta (termed biochar mineral compounds,
BMC) and with other normal soils. The high concentrations of aromatic compounds in terra preta
offer the potential of identifying molecular signatures of these compounds through their
characteristic vibrational modes. By identifying the important constituents in terra preta, better
artificial terra preta can be tailored to specific crop applications. The benefits of this are of global
importance when concerning carbon sequestration and feeding large human populations.
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While biochar can be manufactured easily from green mass products, rapid screening
techniques are needed to characterize the different forms of biochar. This would enable the
distinction of suitable forms of biochar promoting further research into this area for the benefit of
greater crop yield. Diverse methods to identify the active constituents in biochars and to classify
these compounds by spectroscopic methods have been attempted but with little success. Some of
the different methods that have been tried include nuclear magnetic resonance, Fourier transform
infrared in the range and X-ray Diffraction [116-119]. Significant efforts have been put into
development of much simpler, quicker and more accessible infrared spectroscopy techniques that
can distinguish between different types of carbons. Terahertz technologies despite having proven
to be better than most of the screening techniques available, haven’t been widely applied in the
study of the terra preta and biochar. However, Terahertz spectroscopy can probe lower energy
excitations than infrared spectroscopy [120], which are associated with inter-molecular, together
with low-energy intramolecular vibrations. These techniques could shed more light on the
compounds needed to make the biochar-based fertilizers approach effectiveness of terra preta.
Pure aromatic compounds (discussed in preceding sections) are studied and compared to
biochar/soils to help identify key components leading to fertility of the soils.
It was found that terahertz spectra in the range 2-15 THz can be an effective tool in
identifying vibrational processes and structure of aromatic compounds. This is because at these
energies, intramolecular vibrations sensitive to intra-molecular fields occur, as these compounds
crystallize through weak hydrogen and Van der Waals (VdW) bonding. This enables the use of
very efficient computational methods, based on Density Functional Theory (DFT). The DFT
methods are not too good at describing the hydrogen and Van der Waals bonds, typically
requiring semi-empirical corrections of limited accuracy. However, DFT-based methods are
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good at modeling the intra-molecular vibrations and large molecules cannot be modeled due to
numerical efficiency of DFT methods. The lowest-lying intra-molecular modes occur around 2
THz and these modes are sensitive to weak crystalline bonding. Therefore, DFT-based modeling
of intra-molecular modes can provide useful information on inter-molecular coupling of the
molecules into hydrogen and Van der Waals bonded crystals.
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2.

Experimental Methods

2.1 Introduction

This chapter presents the experimental techniques that have used in this study and the
preliminary measurements taken. The primary used technique is the FTIR spectrometer. FTIR
spectrometer with a good combination of beamsplitter and a detector covers a very broad range
of frequencies. This allows for the studies of different materials over a wide range of THz
frequencies, which will promote advancement of this research this field. Theoretical calculations
using methods based on the Density Functional Theory were performed to help in the
interpretation of the obtained spectra as well as assignment of the absorption lines. DFT-based
methods are presently the most successful in calculating the vibrational frequencies. They are
good in calculating the intramolecular vibrations. These methods give a relationship between the
experiment and theory and leads to important hints about the spectroscopic properties of systems
being utilized. DFT-based methods are suitable for small molecules while for large molecules
they can be very time consuming. The X-ray diffraction (XRD) and the Scanning Electron
Microscope-Energy-Dispersive X-ray Spectroscopy (SEM-EDS) methods were briefly used for
the characterization of some of the materials.
2.2 Measurements of THz spectra

The experimental procedure for measurements of terahertz spectra employed a Fourier
transform Infrared (FTIT) Spectrometer. The details of basic operation of this system are
outlined in Chapter 1 section 1.5. As can be seen in Figure 2.1, the system as a whole comprises
of essential parts which perform different functions. The following section discusses the different
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components of the FTS and gives their importance. Preliminary measurements will follow after
the discussion of the various components of the system.

Figure 2.1: An overview of the Fourier Transform Spectrometer, AAB Bomem DA8.
2.2.1 Beamsplitter

This is an essential device in interferometers which serves a purpose of splitting the beam
and then recombining it. There are different varieties of beamsplitters for example dielectric
mirrors and beamsplitter cubes. These beamsplitters are used for different purposes. They can be
used in interferometers as well as laser systems. Beamsplitters are designed in a way that half of
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the incident light is reflected while the other half is transmitted. Different coatings are usually
used in making of beamsplitters which will determine the characteristic of the beamsplitter like
the operation bandwidth. There are two different beamsplitters which were involved in this work.
These beamsplitters are the broadband beamsplitter (BB) and the Potassium Bromide (KBr)
beamsplitter with most of the experiments done with the broadband beamsplitter. The broadband
beamsplitter covers the frequency range from 125 cm-1 to 850 cm-1 (3.79 to 25.75 THz), which is
the far infrared region of the EM spectrum. Alternatively, the KBr covers the spectral range from
450 cm-1 to 4000 cm-1 (13.64 to 121.21 THz) which extends from the far infrared to the mid
infrared.
2.2.2 Source of radiation

The role of the source is to emit radiation. An ideal source has constant intensity in the
whole region at which it is used [121]. It is also important to use a source of uniform intensity
especially if the detector used is of low sensitivity. Most of the sources, especially the infrared
sources, work on the principle of resistive heating [122]. There is a variety of radiation sources
which can be used to provide infrared radiation. The choice of the source depends on preferences
governed by the operating conditions, the life span of the source, ease of use as well as the
source fragility. The primary source of radiation used for the infrared spectrometers is a globar.
It is basically a silicon carbide rod which is usually 20 mm long and has a diameter of 5 mm,
consuming 200 W of power [58]. This source falls under the category of thermal sources which
usually emit broadband radiation and are usually used to acquire information from macroscopic
samples [123]. Thermal sources emit continuous radiation at all frequencies, as described by the
blackbody radiation spectrum. They have a broad spectrum and they are mostly incoherent even
though there are some techniques which can be used so that they give a coherent radiation
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[121,124]. A globar rod is electrically heated with a current of 5A and it reaches the temperature
of roughly 1450 K [58, 125]. Since the rod of this source heats up to very high temperatures,
water cooling is required to increase its lifetime and efficiency [122]. Despite requiring a flow of
water, it is convenient to use and it supplies a relatively high throughput. The globar has the
emissivity which varies somewhat with the wavelength and has an average value of about 0.8
from 2 to 15 microns [125]. Its emissivity depends not only on the temperature, but its surface
characteristics.
2.2.3 Detectors

There are a variety of detectors present to measure the intensity of EM radiation. Their
efficiencies differ in different parts of the spectrum. They employ different operation principles
and they require diverse operating conditions. The commonly used detectors are thermal
detectors which work by absorbing the radiation. This changes the detectors temperature,
resulting in a change of some of its properties. This property is then measured to provide a
quantitative indication of the temperature rise and hence the radiation intensity hitting the
detector [121].
The detectors which were used in this thesis project are Deuterated Triglycine Sulfate
(DTGS), Mercury Cadmium Telluride (MCT) and the liquid helium cooled bolometer. Several
factors including spectral range of the measurements, optical throughput and spectral resolution
together with the response time may influence the choice of the detector to use. The choice also
relies upon the other optical instruments which may be used in the optical setup. For example,
the beamsplitters covers different ranges of wavelength and there is need to choose a
beamsplitter which is compatible with whatever detector is in place. Generally, thermal detectors
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have very slow response times, on the order of seconds. The brief discussion of these detectors
can be seen in section 1.5. The bolometer was used for most of the measurements in this thesis. It
requires a laborious initial setup, as there is need to pump it down first to a pressure of about
2x10-6 mbar, pre cooling with liquid nitrogen and filling up with liquid helium. This detector,
like the MCT, cannot be used to take long measurement scans because the maximum time which
a good working bolometer can operate before the liquid helium boils off is roughly 12 hours.
In comparison to the other two mentioned detectors, the bolometer is faster with a response
time, on the order of micro seconds and it is more sensitive [126]. The only drawback of this
detector is the price tag of the liquid Helium. There is no definite spectral range that can be
associated with the individual detectors. The spectral range depends on the types of windows
used as well as the beamsplitters. In measurements carried out in this project, the bolometer was
used with a broadband beamsplitter and the spectral range achieved from this combination was
from about 30 to 850 cm-1. The MCT detector was used with a KBR beamspiltter and the
spectral range covered was from about 450 to 4000 cm-1. With the combination of the DTGS and
a broadband beamsplitter, the attainable spectral range was from about 170 to 700 cm-1.
The sensitivity of these detectors is usually characterized or given in terms of their specific
detectivity. The specific detectivity gives the signal to noise ratio of the detector. The higher the
detectivity, the more sensitive is the detector. Typically, the sensitivity of a bolometer is on the
order of 1012 cmHz1/2 W-1 , for the DTGS is on the order of 108 cmHz1/2W-1 and for the MCT it is
on the order of 109 cmHz1/2W-1 [126]. It is always essential to find a detector with the preferred
characteristics for a particular measurement. The following figure shows images of the different
detectors that have been discussed above.
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(a)

(b)

(c)

Figure 2.2: Infrared Detectors, (a) MCT, (b) DTGS, (c) Bolometer
2.2.4 Laser

Most current FTIR spectrometers use a red He-Ne laser of wavelength 632.8 nm in their
operation. This laser has two crucial purposes. Firstly, since its wavenumber is known precisely,
it acts as an internal wavenumber standard. It serves as an internal calibration for the
spectrometer. Secondly, it is used in the determination of the moving mirror position and hence
the optical path difference (OPD) [122]. The detector response is calculated at every zerocrossing of the laser signal. In addition, the laser is used to align the interferometer, which can
sometimes be lost due to several factors, like bumping the equipment and thus moving the
beamspiltter out of position. Interferometer alignment is a very important factor because if the
interferometer is not aligned, no ZPD will be found and therefore no data can be acquired.
2.2.5 Vacuum Pump

Water is a very strong absorber of the infrared radiation. This makes it a requirement to
evacuate the infrared beam path in order to eliminate the water vapor absorption from the
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measurements. The idea is to remove most if not all the water vapor in the system hence the
evacuation of both the source and sample compartments. For most of the measurements the
system was evacuated to the pressure of less than one torr.
2.2.6 Water Cooling System

Most of the sources used with the FTIR spectrometer are thermal sources. They operate by
heating up their filament to high temperatures. The water cooling system is required to keep the
source at a constant temperature. Sources like the globar have a mechanism which turns them off
when they overheat. It is important to cool it to avoid cases whereby it will turn off in the middle
of the scans because this can lead to poor results and incomplete data.
2.2.7 Computer

Spectrometers are usually equipped with computers which play a very useful role in
spectroscopy. They are used to control the spectrometer and measurement procedure as well as
for the data analysis. The computer in the spectrometer was used to turn the instrument on, to
choose the speed of the moving mirror, to set number of scans, to choose the size of the aperture
and moreover it was used for data acquisition. It starts the scanning process and it can also be
used to stop as well as to abort the scan. The computer plots the spectrum and it is as well used in
the manipulation of the spectrum: averaging spectra, performing Fourier transform, eliminating
the background spectrum and effects of the instrument sensitivity function of the set-up.
2.2.8 Amplification

Most commercial spectrometers have been incorporated with amplifier circuits. The main
function of this as the name suggests is to amplify the signal. In some cases the useful signal can
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be weak/small and imbedded in the random signal which is noise and therefore the desired signal
can be lost. This is avoided by placing the preamplifier close to the detector as is physically
plausible [121]. This raises the signal level so that the error associated with the noise added past
this stage will be insignificant.
2.2.9 Data Collection

Data acquisition involves collecting both the background signal and the sample spectrum.
These are collected separately. A background is collected with no sample in the beam path while
for the sample spectrum the radiation is passed through the sample to the detector. The
background spectrum represents the signal from both the instrument and the environment,
including the materials used to pelletize the sample. The spectrum itself comprises of the signal
from the sample as well as from the instrument and the environment. The actual spectrum of the
sample is obtained by dividing the sample spectrum as per described above by the background
spectrum.
2.3 Preliminary measurements

2.3.1 System optimization

The procedure of system optimization is crucial in every experimental work. This
familiarizes the user with the technique used so as to work effectively and get meaningful results.
For the FTIR spectrometer, this procedure involves changing the different parameters of the
system to find a combination which gives high quality spectrum. These various parameters
include number of scans used, resolution, speed of the moving mirror and the size of the
aperture. Measurements were compared for different numbers of scans, resolution, mirror speed
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and aperture sizes to make a choice of which to use. The choice was based on the parameters
which gave large signal as well as a good signal to noise ratio.
2.3.1.1 Scans

In varying the number of scans, it was observed that the amount of noise in the spectrum
decreased as the number of scans is increased. A scan is simply a complete cycle of movement of
the interferometer. If ten scans are chosen, the scanning mirror will move backwards and
forwards ten times. Ten separate interferograms will be measured and averaged together in a
process called signal averaging, sometimes known as coherent addition [57, 127]. The averaged
interferogram is then sent to the computer where the Fourier transform is carried out and a
spectrum obtained. The number of scans (NS) is proportional to the square of the signal to noise
ratio (SNR). In mathematical form, the relationship between noise; which is the random signal
holding no information and number of scans is expressed as:

This shows that the quality of the spectrum improves in proportion to the square root of the
number of scans, with four times the number of scans required to double the SNR. Figure 2.3
shows different spectra obtained for different number of scans as well as the variation of the
noise with the number of scans. This result is in agreement with what is already there in theory
[57,128,129]. Apart from taking a long scan which takes a long time like several hours, spectra
from small scan can be averaged which is found also to practically reduce the noise or increase
the SNR; however the resolution will be limited. In averaging the scans, the noise cancels out.
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This is because it fluctuates, implying that its sign is random whereas the signal can either be
negative or positive [57, 127, 129].

(a)
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(b)
Figure 2.3: (a) Intensity of transmitted radiation as a function of number of scans, (b) the
dependence of noise on the number of scans.
2.3.1.2 Resolution

The resolution of a spectrometer refers to the difference in the wavenumber between two
peaks that can just be separated by the instrument. It addresses how capable the instrument can
be at distinguishing two points, for example the two spectral lines which are closely spaced in a
wavelength. A best resolution will always yield a more informative spectrum with more
distinctive spectral features which can be used to distinguish materials and also help in their
characterization. Information can be lost if the resolution of the instrument is not good. Choosing
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a suitable resolution is vital when dealing with spectroscopy and it certainly depends on the aim
of the experiment. If the interest is just in a smooth spectrum which does not show any details,
then small resolutions are helpful. These have been observed to give a very clean spectrum
almost cutting off all the details that might be present. However, if a detailed spectrum which
shows detailed absorption lines is needed, it is a precaution to make sure the resolution used will
not cut off the details that are needed. Figure 2.4 shows the spectra collected at different
resolutions and as it can be seen, the resolution of 0.1 cm-1 gives a more detailed spectrum as
compared to the resolution of 4.0 cm-1. For example, in the region between 245 and 250 cm-1,
the spectrum of resolution 0.1 cm-1 has a couple of absorption lines which are not shown if the
resolution is set to 4.0 cm-1. The resolution can be improved by scanning the moving mirror a
long distance which means that the more interferogram points are collected.

42

Figure 2.4: Spectra collected with no sample in the beam path at different resolutions (cm -1).

2.3.1.3 Speed

The rate at which the scanning mirror of the interferometer moves is usually referred to as
the scan speed or the optical path velocity. As far as spectral the resolution is concerned the
lower speed is the best. In principle, the spectra obtained at lower speed is less noisy as
compared to the one obtained at high speed. The speed and resolution are related in that a high
resolution implies a very slow scan speed. From the analysis done, it was observed that the signal
level decreases with increasing speed of the scanning mirror, while the noise seems about the
same. This implies that S/N ratio decreases with increasing the speed. Figure 2.5 (a) shows the
spectra collected at the same experimental conditions but varying the speed of the scanning
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mirror and Figure 2.5 (b) clearly shows how the average of the signal varies with the speed. This
figure shows a drop in the amount of signal as the speed of the mirror increases.

(a)
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(b)
Figure 2.5: (a) Spectra with nothing in the beam path taken at different speeds, (b) average signal
as a function of speed.

2.3.1.4 Aperture size

This is a control of how much light from the source is allowed to reach the sample. A
bigger aperture size will allow more light to go through while a small aperture will allow just a
small portion of light. Controlling the size of the aperture is determined by the size of the sample
under investigation. It is important that the light that goes through to the detector is all passed
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through the whole sample and no light that has not passed through the sample should be
detected. This is because the light not passing through the sample gives a background signal that
carries no meaningful information. Such background signal limits the dynamic range of the
measurements. The spectra for different aperture sizes were collected keeping other parameters
(resolution, speed, scans) the same. The results are as shown in Figure 2.6 (a).

(a)
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(b)
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(c)

Figure 2.6: (a) Spectra collected with nothing in the beam path using different aperture sizes, (b)
dependence of the average signal on the aperture size, (c) average signal as a function of aperture
area.

The bigger aperture is expected to allow more light in as compared to a small size of the
aperture. The result obtained here as shown by Figure 2.6 (b) is in line with what is expected.
The signal is proportional to the square of the diameter and on the other hand the signal varies
linearly with the area of the aperture as shown by Figure 2.6 (c). The variation observed of the
data obtained from the expected is that the graph of the signal against the aperture does not start
at zero, which is surprising because if the aperture is closed, there won’t be any signal coming
through. The factor that is thought to bring up this variation is that may be the aperture used is
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not the exact one, as given by the aperture scale. This is defined by the mechanical design of the
aperture.
The best parameters for the optimization of the system were chosen based on
measurements which gave on average the best signal and the lowest noise in the spectrum. From
the experiments done, the best parameters chosen were resolution of 0.5 cm-1, aperture size of 10
mm and the speed of 0.5 cm/s. The choice of the aperture also depends on the size of the
samples. In regard to the number of scans, no fixed number was chosen because this really
depends on how much time one has on hand. The higher number of scans, which gives a high
signal to noise ratio, takes a longer time to acquire as compared to a small number of scans. After
the system was optimized, different samples were scanned to verify the system performance.
These materials included plastics and alkali halides which are commonly used in spectroscopy.
The following sections present the transmission measurements of the different samples.
2.3.2 THz transmission spectra of plastics

Polypropylene and TPX are some of the common plastics which have been intensively
used in spectroscopy. They have been mainly used to make windows for spectrometers.
Polypropylene and TPX have a very good transmission in the THz region and thus they have also
been employed as matrix elements in making samples from materials which are very absorbing
in the THz region. Transmission spectra of these plastics are shown in Figures 2.7 (a) and (b).
There is a good agreement between the obtained spectra and the published data appearing in the
THz database [130].
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(a)

50

(b)
Figure 2.7: THz transmission spectra of (a) polypropylene and (b) TPX of thickness 0.4 and 3.6
mm respectively. The reference spectrum was collected with no sample in the beam path for all
the plastics.

2.3.3 THz transmission spectra of alkali halides

Alkali halides have a good transmission over the THz region. These materials have been
used in spectroscopy as windows and filters. Alkali halides are very sensitive to moisture and
hence they can be used to perform humidity related experiments. Transmission spectra of the
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alkali halides are presented in Figures 2.8 (a) and (b). This work is in agreement with that of
Kimmit [58] which verifies the system used.

(a)
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(b)
Figure 2.8: THz transmission spectra of (a) Cesium Bromide and (b) Sodium Chloride of
thickness of 6.9 and 5.2 mm respectively. The reference for both the materials was collected with
no sample nothing in the beam path.

2.4 Other Methods used in the thesis project

2.4.1 X-Ray Diffraction (XRD) and Scanning Electron Microscopy -Energy-Dispersive X-ray
Spectroscopy (SEM-EDS)

The X-ray Diffraction (XRD) is a non destructive analytic technique for identification and
characterization of crystalline forms of compounds that are present in either crystal or powdered
samples [131]. The principle of operation is that X-rays from an X-ray tube are shined at the
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sample. Upon reaching the sample, the X-rays can either be transmitted or scattered by the atoms
of the sample. The X-rays are scattered by different planes of atoms which are in the path of the
X-ray beam. This leads to optical path difference and interference of the beams reflected off
different atomic planes. In the scattering process, the X-rays can interfere constructively
producing a diffracted beam which will be recorded by a detector. This diffracted beam is what
is called a diffraction pattern of the sample. The diffraction pattern is simply a record of the Xray intensity as a function of 2θ, with θ being the detector angle. There is an internationally
recognized database containing reference patterns of many different materials. The identification
is made between the obtained pattern of the unknown sample and the available patterns in the
database. The type of X-ray equipment used was the GBC MMA X-ray diffractometer using CuKα radiation.
2.4.2 Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy

In the scanning electron microscope, a probe electron beam is finely focused and scanned
over a solid sample. The electron beam will interact with the sample causing a variety of
responses some of which provide information about the sample composition. In the process,
there is an abundant emission of low energy secondary electrons which escape from the material.
The secondary electron yield strongly depends on the angle of impact between the probe beam
and the local surface topography, so rastering the beam across the surface produces a changing
intensity with changing topography [131]. The changes in the secondary electron emission
intensity are used to modulate the brightness of a synchronously rastered cathode ray tube,
creating an image [131]. The SEM is usually used in combination with the EDS to provide
elemental analysis capability to go with the imaging. Analysis is performed by measuring the
energy and the intensity distribution of the X-ray signals generated by an electron beam focused
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on the sample. When a material is bombarded by high energy radiation, X-rays are emitted and
some of the X-ray energies are the characteristics of the atoms that are found in the material,
making it possible to identify elements in the sample [131]. SEM-EDS also consists of a source
of radiation, a detector as well as a computer for data analysis. The SEM-EDS measurements
were performed using a JEOL 6490 LVSEM microscope operational with a minicup EDS
detector.
2.4.3 Numerical Methods

An electronic structure program package called Orca [132] was employed in the theoretical
calculations of the spectra. It uses Gaussian waves to fit the electron wavefunctions. It has been
widely used in spectroscopy as an interpretation tool and to develop a full understanding of
experimental data with the help of calculations. It has a wide variety of standard quantum
chemical methods including Density Functional Theory (DFT), commonly used in physics and
chemistry to investigate the electronic structure. With this theory, properties for example,
molecular structures and vibrational frequencies of different electron systems can be predicted by
the use of charge density functionals. The wavefunctions of electrons are built up from the
charge density function relying on Kohn-Sham theorem, in which self consistent equations are
defined that must be solved for a set of orbitals whose density is defined to approximate the
charge distribution of the real system [133]. The equations must approximate the exchange
correlation energy that captures all many-body effects [134] and must be given in terms of
charge density [133]. DFT has been the most excellent electronic structure approximation
because of the development of accurate and computationally tractable approximate exchangecorrelation functional [133, 134]. When it comes to the choice of a DFT calculus, two issues
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need to be considered: theoretical method used to approximate the Hamiltonian and the set of
Gaussian “basis sets”, used to fit the wavefunctions [135,136].
There are a range of DFT-based models that can be used in the theoretical calculations,
commonly classified into the so-called Jacob’s ladder [133, 134]. This array of different methods
sometimes makes it difficult to decide which one to use, and therefore it is always recommended
to include an investigation of the effects of the different methods in any theoretical modeling
with DFT-based models. The lowermost models on Jacob’s ladder are the pure DFT methods
and they are in general the least accurate. They use simply a density functional and Local
Density Approximation, LDA, i.e. only the charge density of the contributing atoms.
After the lower LDA methods, appear the Generalized Gradient Approximation, GGA,
methods. These methods incorporate the derivative of the charge density into the calculus when
building up the electronic wavefunctions. The gradient of the electron density must be calculated
at each point in space and hence making them slightly time consuming. However, these methods
are significantly more accurate as compared to the pure LDA methods. They include the well
known Becke-Lee-Yang-Parr (BLYP) and Perdew-Burke-Ernzerhof (PBE) methods.
Above the GGA methods on Jacob’s ladder are the meta-GGA methods. They additionally
take the second derivative of the charge density into account in building the electronic
wavefunctions. In some cases, they may give better results than the standard GGA for some
properties. One example of the GGA methods is the Tao-Perdew-Staroverov-Scuseria (TPSS)
method.
There is one problem that all the methods above are faced with: the non-physical
interaction of electron with itself is not eliminated from the Hamiltonian. In the Hartree-Fock
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method which is numerically costly, this interaction is eliminated through calculation of exact
exchange interaction which cannot be calculated by the DFT methods. Due to this limitation,
hybrid DFT methods were introduced [137]. They incorporate 10-25% of the Hartree-Fock
exchange interaction into the DFT methods. They give more accurate results than the LDA,
GGA and meta-GGA methods [138], removing to a large degree the self-interaction energy of
the electron. However, their computation time is higher. Among the examples of this method are
the hybrid form of Perdew-Burke-Ernzerhof (PBE0) and the hybrid form of Tao-PerdewStaroverov-Scuseria (TPSSh) methods which were the most used in this thesis project.
The wavefunctions of electrons are expanded into a series of Gaussian waves. This makes
the numerical solution of the Schrodinger equation much easier to perform, converting
differential equations into matrix equations. Using a more “natural” Slater wavefunctions (which
are the analytic solutions for the hydrogen atom), numerical integration would be very lengthy
and numerically problematic. A major convenience of Gaussian waves is that a product of two
Gaussians is a Gaussian, making the two-electron integrals analytical and therefore very fast to
solve. They also fall-off fast with distance, much faster than the “physical” Slater wavefunctions,
which is another convenience. However, this convenience also means that weak long-range
interactions (like Van Der Waals interactions) are not described correctly with Gaussians,
requiring further tweaking. Solving the Schrodinger equation involves a summation over the
Gaussians. This brings in another issue with the Gaussian basis sets: they need to be chosen so
that they are large enough to accurately describe the real wavefunctions, yet keeping the
computational time within reasonable limits. Using a high-end DFT functional will not give
accurate results if too small basis set is chosen with it.
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There are several basis sets that can be employed in the DFT numerical calculations. These
are basically sets of functions which are used to build molecular orbitals. There are various types
of these basis sets. They include minimal basis sets and split valence basis sets, and so on. The
existence of many different basis sets makes the choice of the basis set to use critical. The basis
set used should be capable of approximating the actual wavefunction precisely to give
meaningful results. In the choice of the basis set, there has to be a balance between accuracy and
computational cost. The more accurate methods involving larger basis sets will take more
computing time.
The minimal basis set is the smallest possible set. It has only one function per occupied
atomic orbital [139]. These sets do not describe adequately non-spherical distributions of
electrons in the molecule and they involve loss of flexibility in the resulting molecular orbital.
They usually give less accurate results not sufficient for publication. The most common type of
this basis set is the STO-nG, where “n” is the number of Gaussian primitive functions consisting
of only one basis function.
The split valence basis sets comprise of many basis functions per each atomic orbital.
Theses sets differentiate the core atoms from the valence atom unlike the minimal basis sets.
They are known to give a better description of the relative energies and of some geometrical
features of the molecule [139]. Examples of these basis sets include the double zeta valence
(DZV), triple zeta valence (TZV) and quadruple zeta valence (QZV). DZV basis have two basis
functions per atomic orbital, TZV have three, etc. The basis sets can be used with or without
polarization and diffuse functions. However, for molecules basis sets have to be augmented by
polarization or diffuse functions to provide sufficient accuracy [140]. Polarization functions
account for the distortion of the orbital shapes. It is denoted by an asterisk, *, in the names of the
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basis sets developed by Pople, for example, 6-31G*. For the examples of the split valence basis
given above, TZV with polarization will be TZVPP and so forth. On the other hand diffuse
functions are needed to account for the long range interactions, and are to be used together with
the VDW interactions in DFT. The 6-31G* basis set incorporating a diffuse function will be 631+G*, with the plus sign, +, indicating the diffuse function. An ideal basis set should attain high
quality spectra at a low computational cost. The accuracy of the results can be good or poor
depending on the choice of the basis set as well as the DFT method. Therefore, it is essential to
always investigate the effects of both the basis sets and methods. The DFT-based calculations
can have an error of ±50 cm-1 and hence it is essential to use different methods and basis sets for
the same calculations to ascertain reliability of the calculus. The details of the calculations
performed can be found in Chapters 3 to 5.
2.5 Conclusion

Different experimental procedures have been discussed, giving a detailed explanation of
the primary method which will be used in the thesis. Preliminary results are also presented,
which familiarizes one with the experimental method giving overview of how the spectrometer
works and what to expect. The experimental conditions to use were chosen based on the
preliminary measurements of optimizing the system. From these measurements the best
parameters were chosen to be the speed of 0.5 cm/s, the diameter of 10 mm and the resolution of
0.5 cm-1. These conditions gave optimum results in combination with a higher number of scans.
Pertaining to the choice of the number of scans to use, there was no exact number chosen, the
choice was more dependent on how much time was allocated for the experiment and also on the
type of detector used. In most cases when the bolometer detector was used for the room
temperature measurements, 128 scans were taken and for the low temperature measurements, 64
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scans were collected. With the use of the MCT detector which was used only for room
temperature measurement, 512 scans were collected for every measurement. The signal to noise
ratio of the bolometer is high and thus it was not essential to use a larger number of scans. On the
other hand the SNR of the MCT is low as compared to the bolometer and thus the number of
scans chosen when using this detector was always higher than that for the bolometer. The spectra
of different solid materials such as alkali halides and plastics were measured and they were
proved to be good transmitters of THz radiation.
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3. Effect of water on the THz spectra of alkali halides: The case of rubidium bromide

3.1 Introduction

Alkali halides are materials that are very sensitive to humidity. When alkali halides absorb
moisture, their absorption spectra will be modified. This is because when a foreign material is
introduced into a known material; there will be formation of new modes and hence giving a
different absorption spectrum. In the case of molecular compounds like water, among the
induced modes are the libration modes. The study of the absorption spectra can give information
about the molecular fields as well as the nature of interaction between the water and its host
material. Although there are extensive studies of materials in water environment, the
fundamental interaction is not yet understood and the assignment of the libration modes still
remains ambiguous. The dependence of the frequency, intensities and linewidths of the libration
modes on the environment is not clearly understood but from this information the nature of the
libration modes can be inferred and therefore the study of the libration modes of water is
important. Alkali halides are suitable for the study of libration modes of water owing to their
transparency between 300 and 700 cm-1 (9.09 and 21.21 THz) which are the energies that the
libration modes of water typically appear. The hygroscopic characteristic of alkali halides which
may seem to be a disadvantage is also an added advantage. The choice of rubidium bromide as
the host material was dependent upon its good transmission at the frequencies of interest. It
transmits over a wide range with its cutoff at around 300 cm-1(9.09 THz) unlike other alkali
halides, for example sodium chloride which has its cutoff around 500 cm-1 (15 THz).
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3.2 Methods

A 5.6-mm-thick RbBr crystal which was exposed to the atmospheric moisture over many
years was the focus of the experiments. The sample was characterized using X-ray diffraction
measurements on a Phillips Model PW1830 diffractometer employing Cu-Kα radiation. Samples
were stationary during the XRD scans. A Mettler Toledo TGA/DSC1 thermo-gravimetric
analyzer coupled to a Pfeiffer Thermostat GSD320 mass spectrometer was used to assess the
amount of water in RbBr. Scanning electron microscopy (SEM) and energy dispersive x-ray
spectroscopy (EDS) measurements were taken using a JEOL 6490 LVSEM microscope equipped
with a minicup EDS detector. The optical transmission was measured using a Fourier Transform
Infrared Spectrometer (Bomem DA8). The source of radiation was a globar. For the lowfrequency region, 14-24 THz (450-800 cm1), a coated, broadband beam splitter was employed
and the detector was a liquid-helium-cooled bolometer. For the high-frequency region, 20-120
THz (650-4000 cm-1), a KBr beam splitter was employed and the detector was a liquid nitrogencooled HgCdTe element. The resolution at all frequencies was 0.015 THz (0.5 cm-1). A reference
spectrum, with no sample in the beam, was collected. The ratio of the spectrum collected with
the sample in beam path to the reference spectrum gave the transmission spectrum. The sample
was cooled in a continuous-flow helium cryostat to obtain low-temperature spectra.
Numerical modeling was performed using the Orca ab-initio, DFT and semi-empirical
electronic structure package [132]. The computation was done for 1, 2, 4 and 6 water molecules
in the RbBr crystal. The Perdew-Burke-Ernzerhof (PBE) gradient-corrected density functional
[141] and its hybrid form PBE0 [142] were used, and an empirical Van der Waals correction was
employed [143]. An Ahlrichs TZVPP++ basis set was used in all calculations [144, 145, 146,
147]. The RbBr lattice consisted of 4 x4 x3 atoms with 1 to 6 water molecules added to the
62

interstitial cavities of the middle layer. Absorption frequencies were calculated in the harmonic
approximation without thermal effects, after tight-geometry optimization. PBE and PBE0
functionals are suitable for modeling solids, being correct in the uniform electron density limit
[148]. The PBE0 method includes 25% of the Hartree-Fock exchange interaction and so is more
accurate than the PBE method, but is significantly more time-consuming. Keeping the water
molecules in the middle layer (as shown in Figure 3.15) stabilized the RbBr lattice against too
large distortions that would otherwise occur as a consequence of the relatively small number of
atoms used in the model.
3.3 Experimental infrared spectra at room temperature

The spectrum of RbBr measured at room temperature, displaying the water libration
modes, is shown in Figure 3.1. Four prominent absorption lines can be identified at 17.62, 18.26,
18.68 and 19.03 THz (587.89, 608.98, 623.14 and 634.93 cm-1). The sharpness of these lines at
room temperature may be an indication that these lines are due to an extrinsic material which
may be in the RbBr crystal more so that these lines have not been seen before in the terahertz or
even the infrared spectrum of this material.
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Figure 3.1: Libration spectrum of water in RbBr observed at room temperature.
Extending measurements to higher frequencies, up to 120 THz (4000 cm-1) revealed
unexpected lines in the infrared spectrum of RbBr. This is shown in Figure 3.2. Vibrational
absorption lines of water are expected in this region: bending υ 2 lines at around 48 THz (1600
cm-1); symmetric stretching υ1 lines at around 108 THz (3600 cm-1) and asymmetric stretching υ3
lines at around 114 THz (3800 cm-1). These are identified in Figure 3.2. While these three
vibrational modes of water account for some of the features in the spectrum, many other lines
remain to be accounted for.
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Figure 3.2: Terahertz transmission spectrum of the RbBr sample from Crystran. The labels υ 1
(3600 cm-1), υ2 (1600 cm-1) and υ3 (3800 cm-1) indicate water vibrational resonances.

3.4 Characterization of RbBr sample

The other source of the lines exhibited in the spectrum of rubidium bromide had to be
determined. EDS analysis of the RbBr sample are shown in Figure 3.3. The spectra revealed the
presence not only of rubidium and bromine, but also of carbon and oxygen in the sample. This
led to speculating that additional peaks seen in the RbBr spectrum may be due to some residual
Rb2CO3. This assumption was based on that RbBr is usually made through the reaction of
Rb2CO3 and HBr [149]. Indeed, a good agreement was obtained between the Rb2CO3 spectrum
[150] and the spectrum obtained experimentally for the absorption lines not belonging to water,
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occurring at 712, 879, 1063, 1135, 1171, 1374, 1448, 2848 and 2915 cm-1. This is presented in
Figure 3.4. In comparing the spectra further, Rb2CO3 does not have absorption lines at energies
where the librational modes of water occur. The observed strong lines around 60 THz (2000cm -1)
are remarkable in that they do not belong to Rb2CO3, while the υ2 bending modes of water are
expected to be at lower frequency, at around 48 THz (1600 cm-1). It appears that the υ2 bending
modes of water are shifted to higher frequencies as a result of interactions with the RbBr ions
and through the correlation of vibrational and librational modes of water [151]. Liquid water also
gives absorption lines around 60 THz (2000 cm-1), which are explained as the interaction
between the υ2 bending modes of water and its librational modes [152,153]. An unusual feature
about of the spectrum in Figure 3.4 is that the lines around 2000 cm-1 are unusually strong and no
explanation for these large intensities could be found.
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Figure 3.3: SEM/EDS analysis of rubidium bromide sample.
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Figure 3.4: Infrared spectrum of RbBr between 15 and 120 THz (500-4000 cm-1), together with
the Rb2CO3 spectrum [150] for comparison. υ2=1600 cm-1, υ1=3600 cm-1 and υ3=3800 cm-1.
MCT detector was used.

The XRD pattern of the sample is shown in Figure 3.5. The XRD data is presented on a
logarithmic scale to permit the analysis of the fine detail. RbBr crystallizes in the face-centered
cubic structure, space group Fm3m. Comparison to the published data of the RbBr XRD
spectrum (card No. 08-0480) confirms that the main peaks belong to (h00), while the two smaller
peaks belong to (hk0) planes. Two expected (hkl) peaks in this range of 2Ө, (222) and (422),
were not observed. The missing peaks show that the sample did not consist of a large number of
randomly oriented crystallites, but of a small number of single crystals. The remaining small
XRD peaks can be identified as the Rb2CO3 peaks; belonging to the (h00) and the (hk0) planes
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(card No. 35-0973). Thus the XRD analysis confirms that there is residual Rb2CO3 in the sample,
supporting the conclusions already put forward based on the EDS and optical measurements.

Figure 3.5: XRD pattern of the sample. Reflection planes of RbBr and Rb2CO3 are indicated.
Thermo-gravimetric analysis was performed on a pulverized sample that gave the IR
spectrum as in Figures 3.1 and 3.2, by heating the sample to 500 °C over 2 hours. The reason for
pulverizing the sample was because infrared windows are made so that they do not absorb or
release water easily and water penetrates pure, defect-free crystals of alkali halides very slowly
[154]. Mass spectrometer coupled to the thermo-gravimetric chamber showed that the surface
water was released from the sample up to 200 °C, followed by a slower release of volume water
at higher temperature. The surface water was adsorbed to the crystallites during sample handling.
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It was estimated that there was one water molecule per 14 RbBr molecules in the volume of the
crystallites. The pulverized sample absorbed water easily and the infrared absorption lines were
broadened. The unusual lines around 2000 cm-1 were no longer observed after the pulverization
of the sample. To further confirm the observed absorption lines are due to water, measurements
were also performed on a RbBr sample cut from a fresh infrared window. The exposure to the
atmospheric moisture of the sample was minimal because it was produced recently. The
librational and vibrational lines of water were not present for this sample. This supports the
interpretation of these lines around 600 cm-1 as the librational lines of water.
3.4 Numerical modeling of infrared spectrum of RbBr with absorbed water

Numerical models are important in the understanding and interpretation of the THz spectra.
As such, this was performed to verify that the observed absorption lines were indeed due to the
librations of water. The modeling was performed with different numbers of water molecules in
the crystal lattice of RbBr. First, the infrared absorption spectrum of pure rubidium bromide unit
cell was calculated using the PBE theory and TZVPP basis set, incorporating empirical van de
Waals addition (see Section 3.2). All the absorption lines from the calculations were near and
below 200 cm-1 which is an expected result since this material is supposed to be used as an IR
window. These absorption lines can be seen in Appendix B.
Introducing one molecule of water in the lattice of RbBr as shown in Figure 3.6 resulted in
the spectral features presented by Figure 3.7. The calculations were still done using the PBE
method and an interesting result was obtained. There were large peaks obtained around 600 cm-1
even though they were shifted from the experimental peak positions. Such shift is expected with
DFT methods [155].
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Figure 3.6: Structure of rubidium bromide with water molecule imbedded in the crystal. The
brown balls are rubidium and the small cyan ones are bromine atoms. This image was produced
using Vesta software [156].

Figure 3.7: The IR spectrum of RbBr with 1 molecule of water.
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As can be seen from Figure 3.7, introducing water to the RbBr crystal showed a significant
change in the spectrum. Before the introduction of the water molecule all the observed vibration
frequencies were below 200 cm-1, but in the case of water being present, there is appearance of
more lines above 200 cm-1. Three lines were obtained between 400 and 800 cm-1. Experiment
showed 4 lines at room temperature. The calculated lines are however in the same range of
energies as the observed ones. The visualization files produced in the modeling show that the
three absorption lines shown in Fig. 3.7 are produced by librations of the water molecule. It
should be noted that the calculated lines represent librations of water at zero Kelvin in harmonic
approximation.
The calculus was continued with two water molecules as can be seen in Figure 3.8. These
calculations yielded 6 absorption lines in the region of interest that were produced by the
librations of two water molecules. This is still not quite what was measured experimentally. The
fact that the number of lines double per number of water molecules is a good indication that the
absorption lines belong to the water libration. This result further suggested that there might be
more water molecules in the unit cell of the sample than what was used in the modeling. The
spectrum of RbBr with two water molecules is shown by Figure 3.9.
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Figure 3.8: The structure of RbBr with 2 water molecules embedded in the crystal. The brown
balls are rubidium and the small cyan ones are bromine atoms. This image was produced using
Vesta software [156].

Figure 3.9: The IR spectrum of RbBr with 2 molecules of water.
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Modeling with four molecules of water gave a better agreement even though the energies
are shifted and the intensities are not quite the same. The shifting of energy however is
something that is expected in numerical modeling of the infrared spectra. Figure 3.10 shows the
position of the water molecules in the RbBr lattice while Figure 3.11 shows the infrared
spectrum of rubidium bromide with four molecules of water.

Figure 3.10: The structure of RbBr with 4 water molecules embedded in the crystal. The brown
balls are rubidium and the small cyan ones are bromine atoms. This image was produced using
Vesta software [156].
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Figure 3.11: The IR spectrum of RbBr with 4 molecules of water.

Increasing the number of water molecules in the RbBr lattice resulted in a better agreement
between the calculations and the experiment. Altogether, 12 absorption lines were obtained for
the libration modes of four water molecules in the model. The difference in the absorption
energy between the model and experiment was still observed and there were additional peaks
which did not appear in the experiment at room temperature. It is possible that the peaks below
500 cm-1 were there in the experiment but lost in the noise as the signal to noise ratio around this
area was poor in the experiment. Figure 3.12 shows the optimized geometry for modeling 6
water molecules with the PBE method and Figure 3.13 shows the resulting spectrum.
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Figure 3.12: The structure of RbBr with 6 water molecules embedded in the crystal. The brown
spheres are rubidium and small cyan ones are bromine atoms. This image was produced using
Vesta software [156].
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Figure 3.13: The IR spectrum of RbBr with 6 molecules of water.

Numerical modeling of RbBr plus six water molecules with PBE method gave a good
agreement between the theoretical calculations and the experiment revealing even though more
lines which have not been observed. Seventeen lines produced by the libration of six water
molecules were observed between 400 and 850 cm-1. This did not scale with the number of water
molecules in the model (N) in the same way as for previous cases (i.e. 3N). Closer inspection of
the atomic dynamics visualization files revealed that there is mixing between the librational and
translational modes of water in RbBr lattice. In the case of pure librations, water oxygens are
stationary. However, oxygens move in crystal lattice of RbBr in the mixed modes. This also
makes Rb and Br atoms move. The absorption energy for the mixed modes moves to around 200
cm-1. At least 18 librational modes were identified when the mixed modes around 200cm-1 are
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also counted, which would agree with the scaling observed for smaller number of water
molecules in the model. However, it is now difficult to ascertain which of the water modes at
low energies are purely translational modes, because very small amount of librations is mixed in
at the energies just below 200 cm-1.
It is possible that the mixing between librational and vibrational modes occurs as an
artifact of the method used. It is well known that DFT theories underestimate the atomic
distances, while the Hartree-Fock (HF) theories overestimate them. That was the reason for
development of hybrid theories, incorporating the DFT and HF theories with a proportion that
suited best an array of different compounds. PBE0 is one of such hybrid theories, adding 25% of
HF exchange energy to PBE theory. PBE0 is expected to provide more reliable results, because
of the errors of DFT and HF theories are largely cancelled out.
Figure 3.14 and 3.15 shows the optimized geometries for modeling 6 water molecules in
the RbBr crystal lattice, using PBE0, Calculations with the PBE0 method resulted in a very good
agreement with the four experimental absorption lines observed at room temperature,
considering the relatively low frequencies involved. The four observed lines at room temperature
(labeled A-D) are recognizable in the numerical spectrum despite being shifted to higher
energies. This is shown in Figure 3.16. The lines calculated at 14.0 and 16.6 THz (468 and 553
cm-1) were not observed at room temperature, but they will appear in low temperature
measurements (Section 3.5).
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Figure 3.14: Optimized geometry for modeling 6 water molecules in a RbBr crystal lattice using
the PBE0 method, showing the (x, y) face of the crystal. The green, brown, red and white spheres
represent Br, Rb, O and H atoms respectively [157].
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Figure 3.15: Optimized geometry for modeling 6 water molecules in a RbBr crystal lattice using
the PBE0 method, showing the (y, z) face of the crystal. The green, brown, red and white spheres
represent Br, Rb, O and H atoms respectively [157].
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Figure 3.16: Libration spectrum of water in RbBr observed at room temperature. The top curve is
the experimental transmission spectrum and the bottom lines give the energies and relative
intensities of the emission spectrum, calculated by the PBE0 method for 6 water molecules.

The distinct groups of absorption lines in the RbBr sample are well separated from each
other. This segregation is also reflected in the numerical modeling. The lattice vibrations of RbBr
lattice occur between 1 and 8 THz (35 and 270 cm-1) according to the PBE0 calculations
performed. The librational modes of water obtained with the same method were between 14 and
24 THz (467 and 789 cm-1). The bending vibration lines of water, υ2, were between 49.7 and
50.2 THz (1657 and 1676 cm-1). The stretching vibration lines, υ1 and υ3, were between 105.4
and 110.8 THz (3478 and 3655 cm-1). The modeling showed that all vibrational lines were
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correlated between neighboring water molecules in the crystal lattice, resulting in a line splitting.
For all librational and vibrational modes of water, the Rb and Br ions were stationary. Taken
together, this information permits an ambiguous identification of the observed absorption lines
around 18 THz (600 cm-1) as being due to the correlated librations of water molecules in the
RbBr crystal. Many of the calculated libration modes were of low intensity and were not
observed in the experiment.
3.5 Temperature dependence of librational lines

Low temperature measurements were made in the range 10-250 K and are shown in Figure
3.17. In addition to the four observed at room temperature (A-D), fifteen new lines are observed,
marked in the figure as 1-15. Lines 2, 3, 4, 5, 6, 12 and 13 are weak, but can be distinguished
from the background variations of the optical transmission by monitoring the change of the
spectrum with temperature. Only the features in the spectrum which shifted with temperature
were assigned as the absorption lines. The absorption spectra of the libration modes for four
temperatures are shown in Figure 3.18 for clarity.
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Figure 3.17: Absorption spectrum for libration modes of water measured between 250 and 10 K.
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Figure 3.18: Absorption spectrum of libration modes of water between 250 and 10 K four
temperatures. Spectra were offset for clarity.

The positions, linewidths and relative intensities of all observed absorption lines at 10 K
are given in Table 3.1. The total number of observed libration lines is 19. There are 8 equivalent
interstitial sites in a RbBr unit cell that can hold one water molecule each. This implies that more
than two libration lines per water molecule in one unit cell are observed in experiment.
Corresponding libration modes for each water molecule in a unit cell lose degeneracy because of
the interaction between neighboring water molecules. The twisting libration mode does not
produce optical absorption lines under C2υ symmetry of water. Thus 16 absorption lines should
result. Since the observed lines are more than 16, it is concluded that the C2υ symmetry of water
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is broken in the RbBr crystal. Given the broken C2υ symmetry, 24 absorption lines are now
possible. The missing five lines are either merged with the observed peaks or they are hidden in
the experimental noise. Neutron diffraction studies have shown that the water molecules in the
crystal hydrates have broken C2υ symmetry in about 80% of cases [158].

Table 3.1: Main properties of water libration lines deduced from the observed spectra at the
lowest temperature measured, 10 K
Label

1
2
3
A
4
5
B
6
7
8
9
C
10
11
12
13
D
14
15

Position
Frequency
Energy
(THz)
(cm-1)
16.89
563.30
17.59
586.87
17.63
587.93
17.64
588.55
17.68
589.76
18.26
609.03
18.28
609.65
18.30
610.30
18.36
612.37
18.39
613.48
18.64
621.92
18.74
625.25
18.86
629.20
18.95
631.95
19.00
633.88
19.03
634.89
19.06
635.61
19.22
641.25
19.79
660.15

Linewidth
Frequency
Energy
(GHz)
(cm-1)
80.6
2.69
9.3
0.31
16.8
0.56
13.2
0.44
5.7
0.19
10.5
0.35
8.4
0.28
7.2
0.24
15.0
0.50
10.8
0.36
9.0
0.30
9.3
0.31
24.0
0.80
6.0
0.20
6.3
0.21
8.4
0.28
10.2
0.34
8.7
0.29
149.9
5.00

Intensity
(relative)
(cm-1)
0.35
0.31
0.33
2.53
0.13
0.31
1.45
0.14
1.23
0.55
0.21
2.16
0.54
0.21
0.09
0.16
2.79
0.13
0.20

Modeling with the PBE0 method gave 18 absorption lines between 15 and 24 THz (467
and 789 cm-1) with 6 waters in the RbBr lattice. Modeling with more than six water molecules
was not performed, as that would require extra layers of RbBr to stabilize the structure and this
would result in unacceptably long computation times. The general shape of the calculated
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libration spectrum resembles the measured spectrum; however the calculated lines are shifted by
up to 1.5 THz (50 cm-1) from the corresponding measured lines. Frequency shifts of this
magnitude commonly occur in DFT modeling due to approximations used in the theory, basis
sets, geometry optimization and numerical errors. The harmonic approximation used in
calculating the vibrational frequencies tends to overestimate the frequencies [159]. The use of
universal scale factors has been investigated to account for the harmonic approximation. This
scaling gave numerical predictions to within 3% from the experimental values for a number of
compounds [160]. However, simple scaling was inadequate for vibrations with strong
anharmonic effects. To help match the calculated with the observed absorption lines at 10 K, the
PBE0 energies were first divided by a factor of 2.4 to narrow the energy range of the lines and
then 10 THz (333cm-1) was added to align the spectrum with the measured lines. Seven lines
give a clear match between the experiment and the modeling, as indicated in Figure 3.18. This
procedure was performed merely to match the numerical lines with the experimental lines.
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Figure 3.18: Libration lines measured at 10 K (top) with the lines calculated using the PBE0
method (bottom). Measurements were taken with a bolometer.

Analysis of the dynamics of the modeled atoms shows that the calculated lines are
produced by correlated librations of water molecules within the RbBr lattice, the Rb and Br
atoms remaining stationary. The faster PBE method was utilized for different numbers of water
molecules in the RbBr unit cell (N= 1, 2, 4 and 6). As can be seen in Figures 3.7, 3.9, 3.11 and
3.13, this method gave absorption lines in the same energy range as the PBE0, however the
agreement with the experiment was significantly poorer both in terms of the intensity and energy
of the peaks.
The number of correlated librational modes of water in this modeling was found to be 3N.
In addition to this, N modes of correlated water molecule vibrations were obtained at energies
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around 48 THz (1600 cm-1), corresponding to the bending υ2 mode of free water. Moreover, 2N
correlated vibrational modes of water were obtained around 105 THz (3500 cm-1), corresponding
to correlated stretching υ1 and υ3 modes. This is as expected for the correlated water vibrations in
RbBr, demonstrating that the PBE0 modeling captures the essential underlying physics.
Absorption lines due to vibrations of RbBr were found below 9 THz (300 cm-1).
The modeling yields 3N librational modes of water, again implying that the C2υ symmetry
of water is broken in RbBr, in agreement with the experiment. The H-O-H angle obtained by
averaging over all 6 water molecules in the RbBr using the PBE0 method was 105.474° with an
average O-H distance of 0.0974 nm. The same method gave the value of this angle for a free
water molecule as 105.00°, with O-H distance 0.0958 nm; again implying C2υ symmetry for
water in RbBr was broken. The experiment for free water gives the O-H distance of 0.095762 nm
and the H-O-H angle as 104.51° [161].
Correlation between the librational modes of water is the key mechanism for obtaining the
3N absorption lines. This correlation depends on the distance between the water molecules and
the ions in the RbBr lattice, as well as on the distance between the water molecules themselves.
In the PBE0 optimized geometry, the average distance between the water oxygens was
(0.296±0.003) nm in the (x, y) plane (Figure 3.14) and (0.321±0.007) nm along the z-axis
(Figure 3.15). The water hydrogens pointed towards the Br atoms and the average distance
between the water hydrogens and Br was (0.225±0.005) nm. The librational correlation between
the water molecules at these distances is in agreement with the studies of correlation effects
between angular jumps of water molecules in liquid water [162]. The correlation between the
water molecule jumps was strongest at 0.35 nm, where the minimum in the radial distribution
function of water was found. Substantial correlations were obtained at distances up to 0.6 nm.
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The study of molecular dynamics of liquid water shows that the processes occurring on picosecond to 50 fs timescales are inherently collective processes [163]. All this is in agreement with
the conclusion that the librations of water in RbBr are of collective nature.

Figures 3.19-3.21 show the observed shift of the libration lines with temperature. Lines
were separated in figures for clarity. Most of the lines shift little for T< 50 K but shift
substantially at higher temperatures. The rate of the substantial energy shift with temperature for
each line is given in Table 3.2, in the approximation of linear temperature dependence. All but
one of the lines were red-shifted with temperature, which is usually associated with the increase
in bond lengths upon warming [71]. Line 15 gave an anomalous blue shift, which suggests it
consists of two lines not resolved by the spectrometer used. The weak temperature dependence
of the line shift below 50 K suggests that the shift is dependent on phonon excitations of RbBr
lattice, with most of the phonon modes being frozen-in at low temperatures. A group of libration
lines can be identified that shift very weakly with temperature, between 60 and 90 MHz/K
(between 2 and 3 x 10 -3 cm-1/K) which are lines 1, 2, 3, A, 5, B, 6 and D. In contrast, lines 7 and
C shift strongly with temperature.
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Figure 3.19: Change in line frequency with the temperature for lines: A, B, C, D, 7, 8, 9, 10 and
11. The line shift is calculated relative to the position at which each line appears for the highest
temperature it is observed.
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Figure 3.20: Change in line frequency with the temperature for lines: 2, 3, 4, 5, 6, 12, 13 and 14.
The line shift is calculated relative to the position at which each line appears for the highest
temperature it is observed.
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Figure 3.21: Change in line frequency with the temperature for lines: 1 and 15. (Line 1 changes
rapidly as compared to the rest of the lines while line 15 blue shift).

Figures 3.22 and 3.23 show the temperature dependence of the linewidth Γ, defined as the
full width at half maximum (FWHM), for the observed libration lines. The linewidth increases
with temperature for all lines. For the absorption lines 1, 2, 3, A, 4, 8, 9, 10, 11 and 15, Γ is
constant up to a given temperature, T0, shown in Table 3.2. The temperature dependence of Γ
can be described as
Γ

Γ
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where Γ0 is the ‘‘rest linewidth’’ and T is the absolute temperature [69]. The temperature
dependence of Γ has been studied theoretically for NaCl and LiF crystals [163]. Linear and
quadratic terms in the temperature dependence of Γ were shown to arise from the cubic and the
quartic terms in the crystal potential, respectively. Absorption lines 2, A, 5, B, 6, 12 and 13
exhibit a weak linear Γ(T) (Figure 3.22), except for the line B, for which the quadratic term in
Equation 3.1 is significant. These lines also shifted weakly with temperature. Values of Γ 0 and a
for these lines are given in Table 3.2. The cubic anharmonic term in the crystal field is important
for these librations [163]. Absorption lines 1, 3, 7, 8, 9, 10, 11, C and D have a substantially
stronger temperature variation in linewidth (Figure 3.23). For most of them, the quadratic term in
Equation 3.1 is significant (Table 3.2). The nonlinear Γ(T) for these lines does not follow the
exponential dependence of 1/T which is expected for systems where water is weakly bound to a
crystal lattice and exhibits orientational disorder [68,69]. Instead, Γ (T) can be fitted well with
Equation 3.1, with the quadratic term being substantial. The values of Γ 0, a and b are given in
Table 3.2. Non negligible values of b imply that the quartic anharmonic terms in the crystal
potential are significant for these librations [164].
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Figure 3.22: Change of the linewidth of the libration lines with temperature, for the lines with a
weak temperature dependence of the linewidth.
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Figure 3.23: Change of the linewidth of the libration lines with temperature, for the lines with a
strong temperature dependence of the linewidth.
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Table 3.2: Changes with temperature of the main properties of water libration lines deduced from
the observed spectra. The temperature below which the line width is almost constant is denoted
T0.
Label

Position shift

1

(MHz/K)
-69

(cm-1/K)
-0.0023

Linewidth shift
T0
a
(K)
(MHz/K) (cm-1/K)
20
45
0.0015

2

-63

-0.0021

40

57

0.0010

0

0

1.2

3

-66

-0.0022

20

162

0.0054

0

0

23

A

-72

-0.0024

20

48

0.0016

0

0

7.5

4

-87

-0.0029

20

132

0.0044

0

0

6.4

5

-66

-0.0022

0

29

0.00097

0

0

0.4

B

-72

-0.0024

0

207

0.0069

0

0.0000059

5.0

6

-66

-0.0022

0

36

0.0012

0

0

2.2

7

-300

-0.01

0

45

0.0015

1

0.000049

10

8

-165

-0.0055

20

84

0.0028

23

0.00078

1.3

9

-135

-0.0045

105

30

0.001

51

0.0017

0.68

C

-237

-0.0079

0

138

0.0046

0

0.000015

9.3

10

-132

-0.0044

37

105

0.0035

0

0

4.0

11

-117

-0.0039

50

6

0.0002

7

0.00023

0.2

12

-90

-0.003

0

39

0.0013

0

0

1.0

13

-90

-0.003

0

36

0.0012

0

0

3.0

D

-66

-0.0022

0

81

0.0027

0

0.000015

10

14

-90

-0.003

0

7495

0.25

105

0.0035

0.7

15

+30

+0.001

30

132

0.0044

1

0.000031

4.0
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b
(MHz/K2) (cm-1/K)
7
0.00025

Intensity
Decrease
(a.u/K)
9.5

Line intensity changes little with temperature for the lowermost temperatures (Figures
3.24). It decreases with temperature more strongly above a characteristic temperature. This
temperature is about 50 K for the lines observable at room temperature (A-D), while it is smaller
for the other lines. Table 3.2 gives the rate of the temperature change of the intensity in the linear
approximation. The lines with strong temperature dependence of the intensity are 1, 3, 7, D and
C. Lines B, 5, 9, 11, 14 and 15 have a weak temperature dependence of intensity.

Figure 3.24: Change of the line intensity of the libration lines with temperature.
There seems to be a general correspondence between the lines with strong or weak
temperature dependence of their position, linewidth and intensity. For example, lines 7 and C
have a strong temperature dependence of their position, as well as linewidth and intensity
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(Figures 3.19, 3.23 and 3.24). However, exceptions were always found when trying to group all
the lines in this manner. For example, line D has a weak temperature dependence of energy
(Figure 3.22), but strong temperature dependence of the line width (Figure 3.23) and intensity
(Figure 3.24).
Several of the absorption lines calculated by the PBE0 method can be identified in the
observed spectrum (Figure 3.18). These lines were used to distinguish the libration modes that
lead to a strong or weak temperature dependence of linewidth. The librations did not consist of
pure wagging, twisting or rocking modes. The type of librational coupling between the water
molecules seemed to be a more important factor. The distributions of amplitudes and phases of
the librations were studied for the six water molecules in the PBE0 modeling. For example line
A and B with weak Γ (T) consisted of correlated librations of all six water molecules with similar
amplitudes. On the other hand, lines C, D and 15, all with strongly changing Γ (T), are produced
by collective librations where only some water molecules in the RbBr unit cell move with large
amplitudes. However, lines 1 and 7, with strongly changing Γ (T) do not follow this trend. The
phase of these librations also plays a role in determining Γ (T). Fully symmetric librations for
lines A and B indicate that weak Γ (T) favors fully symmetrical in-phase correlation between
neighboring water librations. All identified lines in Figure 3.18 with strongly changing Γ (T) had
at least some of the neighboring water pairs librating out of phase. Nevertheless, neither phase of
librations, distribution of amplitudes of water molecules in a unit RbBr cell, nor type of
librations fully determined Γ (T) by itself, either for weak or strong Γ (T) dependence. The
combination of all these factors needs to be taken into account and a large enough number of
librational lines between modeling and experiment could not be identified to find the exact
combinations for each case. Distinguishing the libration modes for the lines with large and small
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values of b was not straightforward. Similar trends were obtained in regard to the temperature
dependence of the position and intensity of these lines.
3.6 Effects of different factors on the libration lines

Several more experiments were carried out to study the effects that several factors may
have on the libration modes of water observed. The effect of stress, polishing, heating, moisture
and grinding were tested. Stress was applied to the sample by placing different masses on top of
the sample. This did not show any changes to the libration modes of water in the RbBr crystal as
can be seen in Figure 3.25.

Figure 3.25: Effect of applying stress to the rubidium bromide sample.
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The crystal was polished for 2 minutes on each side using a fine sand paper. This was
performed to check if water was absorbed throughout the sample, or just near the surface.
Further, it was possible that Rb2CO3 was only adsorbed onto the sample surface. To remove the
residues of the sand particles from the sample, it was washed with acetone. The size of the
sample decreased in the process. In the first instance, the sample was about 4.3 mm thick, and
then the second polishing reduced it to 3.4 mm while the last polish further reduced it to 1.9 mm
thickness. After each polishing the sample was measured. There was reduction in intensity for
lines at 609, 624 and 635 cm-1 with the decrease in sample thickness, while for line at 588 cm-1, a
slight increase in thickness was observed for a thinner sample. The non-linear behavior of the
libration lines displayed by the insert in Figure 3.26 suggests that the water is not distributed
evenly across the whole sample, with water concentration increasing towards the surface.

100

Figure 3.26: Effect of reduction of sample thickness on librational lines. The inset shows the
variation of the line intensity with the thickness, from top to bottom: Line A, Line B, Line C and
Line D.

Figure 3.27 presents the spectra in which the rubidium bromide sample was dried. This
was done by heating the sample in an oven at 500 °C for different amounts of time and
measuring the infrared spectra. The hypothesis of this procedure was that the lines will reduce in
intensity or even disappear as the heating was continued but this was not the case. This suggests
that the water is bound inside the crystal, rather than just being on the surface of the RbBr
crystal.
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Figure 3.27: Effect of heating the sample on room temperature libration lines. The sample was
heated in an oven at 500°C for periods of time shown in the figure. The insert shows the change
of the peak intensity as the sample is heated. From top to bottom: Line A, B, D and C.

A different piece of the same rubidium bromide crystal which was exposed to moisture by
leaving it on the laboratory desk for different periods of time was measured. It was hypothesized
that the sample will absorb moisture from the atmosphere and this will be reflected in the
measurements by appearance of more intense absorption peaks. However, the main focus was on
the changes which might occur to the already observed libration modes. As can be seen from
Figure 3.28, there was not any development of extra peaks. This was not expected because alkali
halides are generally known to be highly hygroscopic materials. This suggested that the sample
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under study was saturated with moisture and had no room to absorb more water, or the
absorption process was too slow to make a difference on the time-scale of the experiment.

Figure 3.28: Effect of exposing the sample to moisture in its room temperature librational
spectra. The insert shows the change in the intensity of the lines with the exposure time. Top to
bottom: Line A, B, D and C.
Figure 3.30 shows the effect of polarization on the spectrum of rubidium bromide. A wire
grid polarizer was used in both the vertical and the horizontal polarizations. As can be seen,
polarization did not have any effect on the spectrum. Both the polarizations produced exactly the
same spectra with no significant change apart from that there is slight drop in the intensity of the
lines for the horizontal polarization.
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Figure 3.29: Effect of polarization. Vertical and horizontal polarizations were considered.
It was difficult to remove water or put it in our sample and it is believed it was spread
homogeneously through its thickness. More experiments were performed on other alkali halides
(sodium chloride, potassium bromide and cesium bromide) to test if they can absorb water. Just
like the RbBr crystal, these materials too did not allow any water in. All these materials are
optical windows which are usually fabricated so that they absorb as little of water as possible.
Polishing the sample proved that this was not achieved through a protection layer but possibly by
making a crystal of very high quality.
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3.7 Conclusion

Terahertz spectroscopy of RbBr reveals numerous vibrational and librational lines of
water. Four distinct libration lines were observed at room temperature. Measuring at 10 K
revealed an additional 15 librational lines. Numerical modeling of the spectrum using PBE
gradient corrected DFT confirmed that the absorption lines observed between 16.8 and 19.8 THz
(560 and 660 cm-1) are due to water libration in the RbBr crystal lattice. The hybrid form of the
same functional, PBE0, helped identify 7 of the observed lines in this spectral range. All of these
lines are produced by the correlated librations of water molecules. Detailed temperature
dependence of the spectrum shows that the librational lines red-shift with temperature. Most
lines shift little with temperature below 50 K. Line shifts were linear with temperature for T > 50
K, mostly at rates between 60 and 90 MHz/K (between 2 and 3 x 10 -3 cm-1/K). However, two
lines shifted much more rapidly with temperature. The temperature dependence of the linewidth
for the librational lines gives two distinct groups of the lines. The linewidth changes linearly with
temperature with a rate of less than 60 MHz/K (2 x 10-3 cm-1/K) for the first group. Cubic
anharmonic terms in the crystal field are significant for the librations in this group. The linewidth
changes much faster for the second group, typically quadratically in temperature. This shows that
the quartic term in the anharmonic crystal field is significant for the librations in this group. A
weak temperature dependence of the linewidth seems to favor fully symmetric librations between
the neighboring water molecules. However, a full description of the Γ (T) would also need to
take into account the distribution of libration amplitudes of waters in a unit RbBr cell, as well as
the distribution of the libration types. The large number of librational lines in the spectrum shows
that the water loses its C2υ symmetry in the RbBr crystal.
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Libration lines of water in an RbBr crystal are not affected by the polarization of photons.
Both the horizontal and the vertical polarizations yield the same spectra with no changes to the
libration peaks observed. It was also revealed in the results that the small pressure applied to the
sample did not have any effect to the libration peaks. It was not possible to apply large pressure
to the sample, the restriction being the size and the nature of the crystal, therefore the effect of
pressure on the absorption lines could not be ruled out completely. Heating the sample to 500 °C
for different times did not bring any significant changes to the spectrum. Therefore, water was
not removed from the RbBr crystal by this thermal treatment. Exposing the sample to the
environment as well did not have any effect on the overall spectrum or even on the absorption
peaks observed. This showed that the sample was a high-quality crystal as shown by the XRD
spectrum.
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4. Comparison of THz spectra of benzoic acid and its derivatives between 200 and 500
cm-1

4.1 Introduction

This chapter presents the comparison between benzoic acid (BA) and its derivatives
between 200 and 500 cm-1 (6.06 and 15.15 THz). The low frequencies THz-TDS and waveguide
techniques have previously given different spectra for these materials of similar molecular
structures [82, 87, 88]. This has shown that the low frequency spectral range is significant in
detecting small changes in compounds of similar molecular structures. Furthermore, the infrared
spectra of these materials have been reported and again revealing different spectra of these
materials [165,166]. There is however considerable interest in knowing the properties of these
compounds over an extended terahertz frequency range. The main objective is to investigate if
the higher frequencies or the intermediate THz frequencies, accessible with the Fourier
Transform Infrared (FTIR) Spectroscopy, can provide information on small changes in the
molecules similar to THz-TDS. By studying these materials with different techniques, more
information can be obtained and comparisons made, which can help in the step up of the already
existing terahertz techniques. This also avails an extended THz database for these molecules
useful for classification applications.
As was seen in Chapter 3, DFT modeling of the THz spectra of materials is important for
the reason that it helps in gathering knowledge about the origin of the absorption peaks, which
help in the interpretation of the THz spectra. Knowledge of the THz spectra of pure chemical
compounds like BA is essential because it can help in the study of other non pure samples which
have similar characteristics. A comparison can be made between the pure compounds and the
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complex samples of unknown composition. For instance materials like soils and biochar (studied
in Chapter 6) are very complex mixture of compounds. Their exact composition is unknown, but
the main feature distinguishing them from the surrounding soils is a large amount of aromatic
compounds [108]. Therefore studies of the pure aromatic compounds which may share their
spectral features with the more complex aromatic compounds occurring in the soil samples can
help in the investigation of the spectra of the complex samples. This and subsequent chapters
will show that such common spectral features occur in 200-500 cm-1 range.
Low temperature measurements have been reported for BA and its derivatives but not over
an extended temperature range. It is known that for many materials, low temperature
measurement reduces both the homogeneous and inhomogeneous broadening of absorption
peaks. This resolves the underlying vibration features and reveals many absorption lines which
cannot be seen at higher temperatures. The temperature dependent studies are therefore capable
of distinguishing a variety of molecules and they can as well help in the assignment of the
absorption lines.
4.2 Methods

Benzoic acid, 2-hydroxybenzoic (salicylic acid) and 3-hydroxybenzoic acid were
purchased from Sigma-Aldrich Company. The purity of these materials were 99.5% for benzoic
acid and 99% for both 2OH-BA and 3OH-BA. Samples were prepared by mixing 5 % of the
powders with polyblend powder and pressed into pellets of about 0.5 mm thickness. The samples
were pressed into a die of 13mm diameter at 1.5 psi for 2 minutes. Polyblend is a polymer
transparent in the THz region and is therefore a suitable material for spectroscopic applications
in this frequency range. The room temperature and the low temperature measurements were
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performed as outlined in Chapter 3, section 3.2. Only the low frequency was considered and
hence the combination of a coated, broadband beam splitter and a liquid-helium-cooled
bolometer was used. The rest of the experimental conditions were the same as the ones in section
3.2. Extra measurements were performed using the FTIR spectrometer at the far infrared
beamline of the Australian synchrotron; initially to test the reproducibility of the data acquired
using the globar. The benefit of using the accelerator based far infrared source is that the signal
to noise achievable with the synchrotron allows the use of larger concentrations of sample in
pellet, potentially improving the detail of the spectral signatures. Theoretical infrared spectra of
BA, 2OH-BA and 3OH-BA were calculated for one molecule of each material using orca
software package [132]. The spectrum of BA was further calculated for a dimmer. For 2OH-BA
and 3OH-BA, the calculations of 2 molecules could not be completed because they were
exceedingly time consuming. The hybrid DFT methods, PBE0 and the TPSSh were used for the
calculations of the vibration frequencies. The same basis function, def2-TZVPP [144, 145, 167169] was used with both methods. These calculations also utilized the empirical van der Waals
correction [143]. In all cases, the geometry was tightly optimized before frequency calculations.
4.3 Room temperature THz spectra

Tables 4.1-4.3 show the molecular structures of the studied compounds as well as the
atomic coordinates optimized using the PBE0 method. There are obvious similarities, but also
pronounced differences between the THz spectra of these compounds at room temperature,
despite having small differences in their molecular structures. This discloses that just like the
THz-TDS, the FTIR method is sensitive to small changes in the molecular structure. Figure 4.1
presents the room temperature spectra of the materials studied. They exhibit broad absorption
bands. There is evidence of common absorption bands for these materials. As can be seen from
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Figure 4.1, the absorption bands are shifted in energy and this shift can be attributed to the
difference in the molecular structures of these materials. These compounds have different atomic
arrangements and therefore the frequency shifts can as well be attributed to varying crystal
fields. The room temperature spectra of these materials collected using the globar as a source and
a synchrotron were compared. There were minor difference between measurements performed
with the globar and those performed with the synchrotron. For BA, the absorption bands
appearing at about 230 and 389 cm-1 (6.97 and 11.79 THz) with the globar were masked by the
noise in the spectrum collected with the synchrotron. The bands appearing at around 225 and 229
cm-1 (6.82 and 6.94 THz) in the spectra of 2OH-BA and 3OH-BA respectively did not appear in
the spectra obtained with the synchrotron source. These can be seen in Appendix C.

Table 4.1: Calculated molecular structure of benzoic acid (C7H6O2) using the ORCA package
and represented using reduced spheres. Cyan spheres-C, red spheres-O and white spheres-H.
Atomic Coordinates, Å
C
C
C
C
C
C
C
O
O
H
H
H
H
H
H

18.322858
18.263962
17.608772
17.507221
16.845062
16.800748
17.620672
18.458636
16.959507
18.910971
18.813004
17.469052
16.299784
16.215214
18.374339

-9.649434
-10.965361
-8.665060
-11.296235
-9.000453
-10.313989
-7.247222
-7.009996
-6.374465
-9.381417
-11.732268
-12.323502
-8.217578
-10.574791
-6.072629

Molecular Structure
-3.272730
-2.840789
-2.592593
-1.724223
-1.476978
-1.041087
-3.021476
-4.047452
-2.520906
-4.140004
-3.373597
-1.380527
-0.965251
-0.168147
-4.257740
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Table 4.2: Calculated molecular structure of 2-hydroxybenzoic acid (C7H6O3) using the ORCA
package and represented using reduced spheres. Cyan spheres-C, red spheres-O and white
spheres-H.
Atomic Coordinates, Å
C
C
C
C
C
C
C
O
O
O
H
H
H
H
H
H

-0.000004
1.395646
-0.684412
2.087839
0.042401
1.418248
-2.140766
-2.821137
-2.713866
-0.632944
1.907870
3.171387
-0.500484
1.973867
-3.667295
-1.596041

0.000014
-0.000009
1.232636
1.191564
2.428089
2.416019
1.221728
0.207164
2.429194
-1.170109
-0.953263
1.172841
3.363780
3.344307
2.280895
-0.975957

Molecular Structure
0.000010
0.000048
-0.000008
0.000037
-0.000040
-0.000016
0.000034
0.000145
-0.000103
-0.000058
0.000058
0.000068
-0.000057
-0.000029
-0.000077
-0.000189
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Table 4.3: Calculated molecular structure of 3-hydroxybenzoic acid (C7H6O3) using the ORCA
package and represented using reduced spheres. Cyan spheres-C, red spheres-O and white
spheres-H.
Atomic Coordinates, Å
C
C
C
C
C
C
C
O
O
O
H
H
H
H
H
H

23.0127
23.1369
21.7752
22.0248
20.6629
20.7877
21.6426
20.8505
22.2386
24.3498
23.9056
22.1255
19.6714
19.8957
20.7711
25.1320

-10.8413
-12.2037
-10.2284
-12.9544
-10.9794
-12.3423
-8.7821
-8.3224
-8.0000
-12.8066
-10.2409
-14.0463
-10.4888
-12.9442
-7.3779
-12.3903

Molecular Structure

-0.9673
-0.7440
-0.8442
-0.3990
-0.4987
-0.2764
-1.0776
-2.0831
-0.3730
-0.8618
-1.2445
-0.2208
-0.3989
0.0000
-2.2391
-0.4929
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Figure 4.1: Room temperature THz spectra of benzoic acid and its derivatives.

4.4 Numerical modeling of the THz spectra of BA, 2OH-BA and 3OH-BA

Numerical modeling provides an opportunity to visualize the different vibrational modes
and thus provide insight into the origin of each individual absorption line. The lines at the
presented energies are mostly due to the interactions within the molecule rather than between
different molecules in the crystal. Intermolecular excitations typically occur below 2 THz for this
group of compounds [82]. Therefore, only one molecule of each compound was assumed
necessary in the model to obtain the THz spectra similar to what is shown in Figure 4.1. The THz
spectra measurements give an opportunity to test the effectiveness of the different numerical
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methods, thus for each molecule, the calculations were done using two different methods which
are PBE0 and TPSSh. Both are generalized gradient corrected, hybrid DFT methods,
incorporating a fraction of Hartree Fock exchange energy together with the DFT potential.
However the DFT part of the PBE0 is a generalized gradient corrected DFT [141], incorporating
electron density and its gradient. On the other hand, TPSSh contains meta-generalized gradient
DFT, additionally incorporating kinetic energy density of the occupied orbitals [148].
4.4.1 Assignments of absorption bands of BA, 2OH-BA and 3OH-BA

Figures 4.2, 4.3 and 4.4 show the comparison between the experiment and the numerical
calculations for BA, 2OH-BA and 3OH-BA respectively. The lines were assigned on the basis of
the vibration modes as the main criterion; together with approximate assignment by the
vibrational frequency. To match the observed absorption bands for BA, 2OH-BA and 3OH-BA,
it is necessary to confirm that each of the corresponding absorption bands are assigned to the
same theoretical vibration modes. The energies at which the theoretical lines appear can differ
substantially from the experimental ones and this disagreement is not the same for all the lines.
The vibration modes of all the compounds were compared. If the absorption lines calculated for
the different compounds at similar frequency correspond to the same vibration mode and if their
vibration frequencies match the experimental absorption bands, then the experimental absorption
band was described by that vibration mode. Tables 4.4 to 4.6 present the line assignments of BA,
2OH-BA and 3OH-BA respectively. It can be seen from this tables that despite the energy shifts,
these compounds share some of their absorption bands. For example, they all share the bands
denoted “i”, “ii”, “iii” and “v”. The similarities and differences are attributed to the molecular
structures of these compounds which are similar with minor differences: being the position of the
extra OH group in 2OH-BA and 3OH-BA.
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Figure 4.2: Room temperature spectrum of benzoic acid. The curve is the experimental
transmission spectrum and the vertical lines represent the theoretical frequencies. One molecule
was modeled with both PBE0 and TPSSh methods and two molecules were modeled with only
PBE0 method.
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Figure 4.3: Room temperature spectrum of 2OH-BA. The curve is the experimental transmission
spectrum and the vertical lines represent the theoretical frequencies calculated by the PBE0 and
TPSSh methods for one molecule.
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Figure 4.4: Room temperature spectrum of 3OH-BA. The curve is the experimental transmission
spectrum and the vertical lines represent the theoretical frequencies calculated by the PBE0 and
TPSSh methods for one molecule.
Both PBE0 and TPSSh methods give equally good agreement with the experiment for
individual compounds. The vibrational frequencies of DFT-based methods typically need to be
corrected by up to a few per cent [159, 170, 171]. However, if anharmonic effects are important
and are different for each of the absorption lines, the correction factor for each of the line needs
to be different. BA, 2OH-BA and 3OH-BA all gave an absorption band denoted “ii”. This band
did not have any corresponding theoretical line from the calculations of single molecules of these
compounds. However, calculations for two BA molecules with the PBE0 method gave
corresponding lines at 265 and 309 cm-1 (8.03 and 9.36 THz) as can be seen in Figure 4.2. The
same mode was obtained for these intermolecular lines. They both correspond to in-plane
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rocking of the benzene rings, counteracted by in-plane rocking of COOH group within each
molecule: with the molecules vibrating out-of-phase for the line at 265 cm-1 and in-phase for the
line at 309 cm-1. The two intermolecular lines at 432 and 441 cm-1 (13.09 and 13.16 THz)
correspond to line denoted “v”. They consist of out-of-plane vibrations of benzene rings and inplane stretching of the hydrogen bonds between the COOH groups of the BA molecules.
Furthermore, the intermolecular mode at 391 cm-1 (11.85 THz) also contributes to band denoted
“iii”. This is associated with in-plane stretching of the benzene rings within each molecule along
the COOH line with the molecules vibrating in-phase. Even though there are shifts in energy, the
dimmer calculations give the best agreement with experiment, probably because of the effects of
the whole crystal as well as approximations in the modeling.
Calculations for dimmers of 2OH-BA and 3OH-BA were not completed because the
calculus required a very long computational time. The theoretical lines denoted “1” for BA, “2”
for 2OH-BA and “4” for 3OH-BA did not appear in the experimental spectra. These lines could
be there but not resolved by the system due to a low concentration of the samples used. The
theoretical line denoted “3” in 3OH-BA is result of the vibration of the second OH in 3OH-BA
counteracted by the rest of the benzene ring and the COOH. The OH in this molecule is far from
the other functional group and therefore it has room to vibrate more. It is possible that this line
contributes to the broad band denoted “iii” as well in 3OH-BA. On the other hand, the theoretical
line denoted “4” is a result of the stretching of the ring along C2-C4 line, with distortion of the
ring and large amplitude of H from the second OH group. This mode has been assigned to the
new line emerging at low temperatures in the spectrum of 3OH-BA (Section 4.5.3). The
theoretical line corresponding to band denoted “i” in 3OH-BA appeared at 191 cm-1 (5.79 THz)
which is outside the frequency range of study hence not shown in Figure 4.4. The theoretical line
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denoted “2” in 3OH-BA have the same mode as the theoretical line denoted “2” in 2OH-BA
which does not have any matching absorption band. There is no matching theoretical line from
the single molecule calculations for the band denoted “iv” which appeared in both BA and 2OHBA spectra. This line is probably intermolecular mode requiring three or more molecules
modeling especially that from the analysis of the dimmer modes of BA, it does not have a
matching line. The band denoted “vi” in BA and 3OH-BA as well does not have corresponding
theoretical lines from calculations of single molecules. The BA dimer calculations suggest that
this band is associated with intermolecular interactions too. It corresponds to the merge of the
two lines at 457 and 469 cm-1 (13.85 and 14.21 THz). These two lines have the same vibration
mode which has in-phase butterfly motion of the benzene rings along the COOH, with the
movements of the rings counteracted by the COOH groups. Calculations of more than two
molecules were not done because of the time constraint. From Tables 4.4, 4.5 and 4.6, it can be
seen that all of the common peaks between these compounds have the same vibration modes,
with the only difference being the amplitude of vibration of H from the second OH group in
2OH-BA and 3OH-BA.
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Table 4.4: Numerical modes for a single molecule of BA from the TPSSh method. NB: Both
PBE0 and TPSSh gave the same vibration mode for the theoretical lines.
Numerical

Experimental

Wavenumber

Wavenumber (cm-1)

Mode

line

(cm-1)

(Theoretical)

Number

assignment

(Experimental)

8

I

230

208

Description of vibration

Symmetrical in plane rocking
of the molecule along the C1C4 line.

9

Iii

365

378

Symmetrical in plane
stretching of the molecule
along C1-C4 line.

10

1

-

415

Asymmetric twisting of the
ring along C2-C5 line
counteracted by COOH.

11

V

429

430

Butterfly movement of the
ring along C1-C4 line.
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Table 4.5: Numerical modes for a single molecule of 2OH-BA. The PBE0 calculus was used. It
has to be noted that vibration modes are similar for both PBE0 and TPSSh theoretical lines.
Numerical

Experimental

Wavenumber (cm-1)

Wavenumber (cm-1)

mode

line

(Experimental)

(Theoretical)

number

assignment

9

I

225

253

Description of vibration

Symmetric in plane rocking
of the molecule along C1-C4,
counteracted by the second
OH.

10

iii

367

373

Symmetric in plane stretching
of the ring along C1-C4 line
counteracted by the second
OH.

11

V

429

431

Butterfly movement of the
ring along C1-C4 line
counteracted by the second
OH and COOH.

12

vii

461

448

Asymmetric stretching of
benzene ring along the
second OH counteracted by
COOH.
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Table 4.6: Numerical modes for a single molecule of 3OH-BA from the PBE0 method.
Numerical Experimental Experimental

Theoretical

mode

line

Wavenumber

Wavenumber

number

assignment

(cm-1)

(cm-1)

8

I

229

191

Description of vibration

Symmetrical in plane rocking of
the molecule along COOH

9

2

247

235

Asymmetrical out of plane
twisting of the ring along C3-C6
line, counteracted by COOH

10

Iii

374

364

Symmetrical in plane stretching of
the ring along C1-C4 line,
counteracted by the second OH.

12

V

426

439

Butterfly movement of the ring
along C1-C4 line, counteracted by
COOH and OH.

4.4.2 Effect of Van der Waals (VdW) interactions on the absorption frequencies

The effect of the VdW corrections on the absorption frequencies were tested for BA, 2OHBA and 3OH-BA. It was observed that without the van der Waals corrections the same modes
were still obtained. Only line “iii” shifted, but not significantly in energy. There is a slight drop
in the intensities of line “i” and “iii” and “i” whereas line “v” remains the same. As can be seen
in Figure 4.5, VdW interactions are not that significant for BA absorption bands.
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Figure 4.5: Effect of VdW interactions on the absorption lines tested with the PBE0 method.
Figure 4.6 shows the effect of VdW interactions on the vibration bands for 2OH-BA. Just
as was observed for BA, the VdW interactions are not very significant for the spectral features of
this compound. Neglecting them in the calculations gave almost the same energies and intensities
to what was obtained incorporating the interactions with small shifts in frequencies and slight
change in intensities for other lines.
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Figure 4.6: Effect of VdW interactions on the absorption lines of 2OH-BA tested with the PBE0
method.
Regarding 3OH-BA shown in Figure 4.7, all the theoretical lines have a negligible energy
shift without the VdW interaction. For lines “2” and “v”, there is an increase in intensity without
VdW corrections while for lines “iii” and “4”, there is a decrease in intensity. Line “3” remains
unchanged both frequency and intensity wise. This shows that the VdW interactions are not
important for this mode.
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Figure 4.7: Effect of VDW interactions on the absorption lines of 3OH-BA tested with the PBE0
method.
4.5 Temperature dependence of the THz spectra

4.5.1 Benzoic acid

Figure 4.8 shows the low temperature spectra of benzoic acid. No extra absorption bands
were resolved in the low temperature spectra of this material. The absorption band denoted “i” in
Figure 4.2 did not appear in the low temperature spectra and could be obscured by oscillations in
the frequency range where it appears, especially with its lower intensity. The weak band denoted
“iii” disappeared with cooling. Bands of this nature have been previously described as ‘hot
bands’ [102]. Most of the observed bands shifted with temperature. The synchrotron
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measurements of BA at 77 K resolved the theoretical line which is denoted as line “1” in Figure
4.2. There is as well a shoulder to the left of band denoted “iv” which may be the not well
resolved band “iii”. This can be seen in Figure 4.9.

Figure 4.8: Absorption spectra of benzoic acid measured at different temperature compared to
the spectrum calculated in harmonic approximation without thermal excitations (vertical lines).
Temperature range from top to bottom: 238, 211, 182, 158, 136, 116, 94, 73, 51 and 10K. The
spectra were offset for clarity.
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Figure 4.9: 77 K absorption spectrum of BA collected at the Australian synchrotron far infrared
beamline. The Vertical lines give the energies and relative intensities of the emission spectra
calculated by the PBE0 method for both one and two molecules. Line 4 is produced by an
intermolecular mode.

Figure 4.10 shows the observed shift of the band frequencies with temperature. All the
bands were red-shifted with temperature. The rate of energy shift with temperature was
determined for each absorption line assuming linear temperature dependence. The rates of shift
were obtained as 3.1x10 -2cm-1/K for line “ii”, 8.7x10-3cm-1/K for line “iv” and 1.5x10 -2cm-1/K
for line “v”, all in linear approximation. Figure 4.11 shows the change of the line width of the
absorption peaks with temperature. This shows a decrease in the width of the lines as the sample
is cooled. However, line “iv” shows an anomalous line width. This is attributed to structural
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transitions of the BA molecule. BA has been found to undergo a transition from one tautomer to
another. It has been previously shown that two most stable tautomers can coexist in the BA
crystal [165, 172] and the temperature of the structural transition between the two lies between
50 and 100K [172]. From Figure 4.11, the temperature at which the linewidth changes from the
expected behavior coincides with the previously reported temperature for the structural transition
of BA. Figure 4.12 illustrates the temperature dependence of the intensity of the observed lines.
Line “ii” and “v” shows a significant change in intensity with temperature while for line “iv”, the
intensity is almost constant.

Figure 4.10: Change in the line frequency with temperature for BA.
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Figure 4.11: Change in line width with temperature for BA.
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Figure 4.12: Change in line intensity with temperature for BA.
4.5.2 2-Hydroxybenzoic acid

Figure 4.13 presents the temperature dependence of the spectrum of 2OH-BA. All the lines
observed at room temperature were observed at low temperature except for line “i”. Multiple
oscillations were observed in the spectral range where line “i” appeared and as such this line
could be obscured by the oscillations. Theoretical line denoted “2” was not resolved in the low
temperature spectrum. There is a sharp line appearing at 258 cm-1, but it is however hard to tell if
this is a real line because of the oscillations observed in this spectral range at low temperatures.
The behavior of the 2OH-BA lines is similar to that of the BA lines regarding the frequency shift
with temperature. Figure 4.14 presents the 77 K 2OH-BA spectrum acquired using the
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accelerator based source. This is in agreement with the low temperature spectra collected using
the globar, with no appearance of extra absorption bands. However, the small shoulder observed
with the globar, denoted “iv” did not appear in the synchrotron spectrum. It might be hidden in
the noise especially that oscillations due to multiple reflections in the instrument were observed
in this spectrum.

Figure 4.13: Absorption spectra of 2OH-benzoic acid measured at different temperature
compared to the spectrum calculated in harmonic approximation without thermal excitations
(vertical lines from TPSSh method). Temperature range from top to bottom: 261, 232, 204, 176,
148, 121, 94, 44 and 10K. The spectra were offset for clarity.
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Figure 4.14: 77 K absorption spectrum of 2OH-BA collected at the Australian synchrotron far
infrared beamline. The Vertical lines give the energies and relative intensities of the emission
spectra calculated by the PBE0 method.
Temperature dependence of the energy at which experimental bands appear is as shown in
Figure 4.15. All of the lines red shifted with temperature. The rate of energy shift of the lines
was calculated again for this compound with the approximation of linear temperature
dependence. The rates of shift were obtained as 3.4x10 -2cm-1/K for line “ii”, 1.6x10-2cm-1/K for
line “iii”, 8x10-3cm-1/K for line “v” and 1.4x10 -2cm-1/K for line “iv”. 2OH-BA as well has been
found to undergo tautomerization [173] and hence, the anomalous behavior in all the line widths
and line intensities is attributed to these structural changes. Figures 4.16 and 4.17 show
respectively, the change in width and intensity with temperature.
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Figure 4.15: Change in the line frequency with temperature for 2OH-BA.
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Figure 4.16: Change in line width with temperature for 2OH-BA.
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Figure 4.17: Change in line intensity with temperature for 2OH-BA.
4.5.3 3-Hydroxybenzoic acid

Figure 4.18 illustrates the temperature dependence of the spectrum of 3OH-BA. There was
emergence of one extra band, denoted “4”, as compared to room-temperature spectrum and it as
well appeared in the theoretical modeling also denoted “4”. The other observation made was that
the splitting of the absorption band denoted “2” started being apparent at 170 K. This splitting
was however not seen in the modeled spectrum for single molecule. The band denoted “vi” was
lost in the noise. All the lines show a red shift with decreasing temperature. Figure 4.19 shows
the 77 K spectrum of 3OH-BA collected using the synchrotron as a source. It agrees very well
with the low temperature spectra collected using the conventional source. Furthermore, this
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spectrum reveals more detail which was not observed in the spectra collected with the globar. It
is apparent from this figure that most of the absorption bands are composite rather than just a
single band which was observed at room temperature.

Figure 4.18: Absorption spectra of 3OH-benzoic acid measured at different temperature
compared to the spectrum calculated in harmonic approximation without thermal excitations
(vertical lines from the PBE0 method for one molecule). Temperature range from top to bottom:
10, 30, 50, 70, 110, 130, 150, 170, 210 and 250 K. The spectra were vertically offset for clarity.
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Figure 4.19:77 K absorption spectrum of 3OH-BA collected at the Australian synchrotron far
infrared beamline. The Vertical lines give the energies and relative intensities of the emission
spectra calculated by the PBE0 method.

Figure 4.20 shows the temperature dependence of the energy while Figures 4.21 and 4.22
show the temperature dependence of line width and line intensity respectively. Most of the lines
displayed a red shift with change in temperature while for some the change in temperature was
not systematic. The rate of energy shift of the lines was calculated approximating it with linear
temperature dependence as well for this material. The energy shift rates were obtained as 2.5x10 3

cm-1/K for line “i”, 1.7x10-2cm-1/K for line “2”, 5.2x10-2cm-1/K for line “ii”, 3.1x10 -2cm-1/K for

line “iii” and 1.0x10-3cm-1/K for line “4”. For line “v” it was not possible to obtain the energy
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shift rate because of the irregular behavior. Some of the lines showed an anomalous line width
and line intensity with change in temperature. This anomalous behavior is found to be due to the
lines consisting of more lines which are not well resolved by the spectrometer which may occur
when a molecule changes from one structural configuration to the other [174].

Figure 4.20: Change in the line frequency with temperature for 3OH-BA.
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Figure 4.21: Change in line width with temperature for 3OH-BA.
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Figure 4.22: Change in line intensity with temperature for 3OH-BA.

4.6 Conclusion

Despite the similarities in their molecular structures, BA, 2OH-BA and 3OH-BA display
different THz spectra. This shows the sensitivity of the FTIR technique in picking up even small
differences between molecules. The effectiveness of the FTIR method in characterizing these
materials has been demonstrated further showing the usefulness of THz spectroscopy in the
study of solid materials. It was shown that upon cooling, the samples revealed some features
which were not observed at room temperature. Additionally, it was discovered that some of the
absorption lines were composite which was not obvious in the room temperature spectra of these
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materials. This might be brought about by the structural change of these compounds from one
tautomeric form to the other as the temperature is changed. The line width and line intensity of
these lines fluctuated with change in temperature because they were not fully resolved. These
materials showed a consistent red shift with change in temperature.
BA, 2OH-BA and 3OH-BA share some of the absorption peaks observed. Numerical
modeling was employed to understand the spectra of these materials and to as well verify the
origin of the observed peaks. There was a fairly good agreement between the experiment and the
calculated spectra with the energy shift within 50 cm-1 (1.52 THz) as expected for all of the
studied compounds. The variation of the frequencies obtained experimentally and theoretically
may be due to that the sample was in crystalline form while the calculations were for a single
molecule. From the numerical calculations analysis, it was found that all the absorption bands
which are common in all compounds are due to the same vibration modes.
These measurements also helped to test the accuracy of the numerical methods. This was
done by comparing the experimental results with calculations from two different methods which
are the PBE0 and the TSSPh method. Both results from the two methods were in agreement with
the experiment. The difference between the results of the two methods is not significant. A better
agreement was however expected between the experiment and the TPSSh method because it is
supposed to be a higher level method as opposed to the PBE0 method.
The effect of the VdW corrections was tested. The same modes obtained with VdW
interactions were still obtained without the VdW interactions for BA, 2OH-BA and 3OH-BA.
The modes shifted in energy. This shift was not systematic. In some cases the lines shifted to
higher energies while in other instances it shifted to lower energies. The change in intensities as
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well was not systematic. Some of the lines did no change in intensity while for some the intensity
dropped and for some it increased. VdW interactions will be more important for the intermolecular vibrations because the bonds between BA in the crystal are of VdW type. Only single
molecules were modeled when testing the importance of VdW interaction. Therefore, this test
shows the importance of VdW interaction within each of the molecule. The effect of the VdW is
small because the VdW interaction is weaker than the covalent bonds in the molecules.
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5. THz spectroscopy of 2, 4-dinitrotoluene over a wide temperature range (7-245 K)

5.1 Introduction

2, 4- dinitrotoluene is a TNT explosive precursor. This compound just like other related
compounds has been widely studied for the benefit of security. Many techniques have been used
for the detection and characterization of explosive and related materials which include the
terahertz technique. In majority of studies, this technique has proven to be advantageous over
other techniques in many ways. For instance, it is safer to use this method because it does not
pose any health hazards in comparison with the X-ray technique which can cause ionization
because of its high energy photons. Although there are extensive studies of explosive materials,
temperature-dependent measurements are scarce. However these kinds of measurements are
essential because they can disclose rich spectroscopic information of these materials. In this
chapter, a systematic temperature-dependence study of the THz spectrum of 2, 4 dinitrotoluene is
presented. The temperature dependence of line position, line width as well as line intensity is
also addressed. The spectra of 2, 4-dinitrotoluene will be modeled at fixed temperature using
high level DFT methods which have been used in the previous chapters. This combined
experimental and theoretical study paves the way for a better understanding of the origin of the
spectral features conventionally observed at room temperature.
5.2 Method

The THz spectrum of 2, 4-DNT pellet prepared by mixing 2, 4-DNT purchased from
Sigma Aldrich with polyblend was measured with a FTIR Bomem DA8 spectrometer both at
room temperature and at cryogenic temperatures. The concentration of each sample was 5% by
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weight. Pellets of 1mm thickness and 9 mm diameter were made by pressing the mixture at 4500
psi for 30 seconds. A globar was used as radiation source and a liquid helium cooled bolometer
as a detector. A continuous flow Oxford Instruments Optistat cryostat was employed for cooling
the sample. The cooling was through the use of helium gas and the sample was cooled from
245K to 7K with a step size of 14K. The spectra were collected with a resolution of 0.5 cm -1
(0.015 THz). The peaks obtained were fitted with a Lorentzian curve to determine the position,
width and intensity as was done in the previous chapters. Numerical modeling of IR absorption
lines was performed with ORCA software package [132] on single and two molecules of 2, 4DNT. The calculations involved the use of two different methods, TPSSh and PBE0. For one
molecule PBE0 method was used with the QZVPP basis function while the TPSSh method
utilized the Ahlrichs-TZV [146] with the def2-TZVPP basis set [175]. Both basis sets were
augmented diffuse functions [144, 145, 167-169]. For two molecules, PBE0 was used with
TZVPP while TPSSh method utilized the QZVPP basis function, both augmented by diffuse
functions. PBE0 with QZVPP and TPSSh with TZVPP could not give convergence of geometry
for two molecules. Both the TPSSh and the PBE0 methods were used with the empirical Van der
Waals correction (WDW06) [143].

5.3 High frequency range experimental and calculated spectra at room temperature

Table 5.1 presents the atomic coordinates of 2, 4-DNT, optimized using the TPSSh
method. Together with this, is the molecular structure of the compound, using the reduced
spheres presentation with diffuse Van der Waals clouds. This is not an ‘artist’s impression’, but
rather the precise geometry obtained after optimization in the ORCA package. The absorption
lines obtained numerically for single molecule correspond to the intra-molecular vibrations and
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they are expected to occur at frequencies higher than about 1 THz. Absorption lines at lower
frequencies correspond to inter-molecular vibrations of the molecular crystal [176].
Table 5.1: Calculated molecular structure of 2, 4-dinitrotoluene (C7H6N2O4) using the ORCA
package and represented using reduced spheres. Cyan spheres-C, red spheres-O, blue spheres-N,
and white spheres-H. The large, diffuse spheres correspond to Van der Waals cloud. The
molecular structure was plotted using ChemSketch graphical software [177].
Atomic Coordinates, Å
C
C
C
C
C
C
C
N
O
O
N
O
O
H
H
H
H
H
H

20.008614
18.743264
21.013987
18.473346
20.668869
19.419622
22.395463
20.238822
21.395364
19.253363
17.140801
16.362953
16.904043
17.994163
21.415899
19.168214
22.975561
22.367922
22.897894

-6.473789
-6.435892
-7.355152
-7.301273
-8.223899
-8.208839
-7.446879
-5.514392
-5.196756
-5.089711
-7.262101
-6.393250
-8.104402
-5.747159
-8.928994
-8.879745
-6.556410
-7.503143
-8.330342

Molecular Structure
3.679326
3.108875
3.249649
2.064300
2.205166
1.605197
3.833240
4.784906
5.034974
5.372959
1.429668
1.800279
0.572241
3.470178
1.861282
0.795873
3.582547
4.923142
3.435155

Figure 5.1 shows the observed room temperature THz spectrum for 2, 4-DNT sample, both
the experiment and the numerical calculation. The sticks to zero show the wavenumbers
calculated by TSSPh and PBE0 methods and the curve shows the experimental results. There is a
good agreement between the two methods used. Although there is a good correspondence
between the observed and calculated absorption lines, the TPSSh gives a better agreement as
compared to the PBE0 method. This is a quite expected result because the TPSSh method is a
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higher level method as compared to the PBE0. As can be seen from Chapter 4, 2, 4dinitrotoluene shares a common feature, the benzene ring, with the BA and its derivatives. It can
be seen that despite having a benzene ring, the compounds have quite unique spectra. However,
there is a clear correspondence between some of the observed absorption bands for these
materials despite the frequency shifts which may be attributed to differing crystalline fields and
different masses of attached functional groups for the different compounds. From Chapter 4, it
was learnt that the common peaks between BA, 2OH-BA and 3OH-BA are associated mainly to
the motion of the benzene ring from the analysis of each vibration modes and thus the same is
expected for the common bands of 2, 4-dinitrotoluene. It was indeed gathered that the bands
denoted “iv”, “v” and “vii” which are common in some of this aromatic compounds are primarily
associated with the vibration of the benzene ring. However, it has to be noted that for 2, 4dinitrotoluene, there are distortions of the vibration modes due to the three functional groups
which cause different mass distributions in the molecule. The distinction in the spectra of these
materials shows that FTIR spectroscopy is a suitable candidate for material characterization and
it also shows that the high frequency range can be reliable for material identification just like the
lower range covered by the THz-TDS system which in recent years has become the centre of
THz research.
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Figure 5.1: Room temperature THz transmission spectra of 2, 4-dinitrotoluene: experiment and
calculations.

Table 5.2 compares the absorption lines found in the literature by two independent groups
and this study at room temperature. There is a very good agreement between all these reports and
the results obtained in this work. A notable difference is the observation of a distinct absorption
line at 8.52 THz = 281 cm-1 (Figure 5.1), which has not been reported by any of the groups. Two
absorption lines were also resolved at 10.48 and 10.61 THz (349 and 361 cm-1), whereas others
report only one line at these energies. PBE0 and TPSSh methods both reproduce the
experimental line at 281 cm-1, as well as distinguishing the two lines at 349 and 361 cm-1. Both
TPSSh and PBE0 methods give a very good agreement with experimental lines. The difference
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in the energy of the room temperature lines obtained from the experiment and TPSSh method is
up to 12 cm-1, but typically less than 6 cm-1, which is remarkable for a DFT-based method.
Analysis of the calculated molecular vibrations using TPSSh method associated with each of the
absorption lines lead to the assignment of the intra-molecular absorption modes as shown in
Table 5.2. The line calculated with TPSSh at 246 cm-1 (222 cm-1 with PBE0) does not seem to
have a corresponding experimental line. However, there is an experimental shoulder noticeable
at these energies (Figure 5.1). This line corresponds to twisting of CH3 group around its bond
with benzene ring, counteracted by out-of-plane rocking of benzene ring. However, this line was
not listed in Table 5.2 because experiment does not identify a distinct line. This theoretical line
did appear in low temperature measurements (Section 5.4).
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Table 5.2: Comparison of experimental absorption lines with previous work at room temperature
as well as numerical results (TPSSh). The bold-face numbers are the literature values given in
the original units.
Liu et al. [95]
THz

-1

cm

(TDS&FTIR)
4.98

8.88

164

Chen et al. [92]

Our experiment
-1

THz

cm

THz

THz

4.97

164

5.12

169

8.52

281

8.70

287

(FTIR)

5.06

cm

293

9.00

296

9.03

298

8.94

295

10.6

348

10.7

352

10.57&10.94

349&361

10.48&10.61

346&350

11.6

382

11.7

386

11.73

387

11.82

390

12.8

423

12.9

427

13.00

429

13.18

435

14.3

473

14.5

478

14.33

473

14.61

482
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Numerical absorption mode

-1

cm

(TDS&FTIR)
167

Our calculations, TPSSh
-1

In plane, vibration of NO2
groups in-phase with each
other, counteracted by in-plane
vibration of benzene ring.
Mainly out-of-plane rocking of
benzene ring, counteracted
mainly by out-of-plane
vibration of CH3. Mixed-in inplane wagging of CH3 and paraNO2 in phase with each other,
counteracted by the in-plane
vibration of benzene ring.
Out-of-plane rocking of
benzene ring, counteracted
mainly by out-of-plane
vibration of CH3. Mixed-in inplane twisting of benzene ring,
counteracted by the in-plane
wagging of NO2 groups.
346 cm-1: In-plane, in-phase
stretching of both NO2 bonds
with benzene ring, counteracted
by corresponding in-plane
distortion of benzene ring.
350 cm-1: In-plane out-of-phase
wagging of CH3 and para-NO2,
counteracted by in-plane
distortion and twisting of
benzene ring.
Out-of-plane twisting of
benzene ring along the line C1C4: C1, C2 and C6 twisting outof-phase to the twist of C3, C4
and C5. Mixed-in in-plane
wagging of CH3, counteracted
by translation of C1 in benzene
ring and associated distortion of
the ring.
Out-of-plane vibration of
benzene ring: in-phase vibration
of C3 and C6 counteracted by
in-phase vibration of the
remaining carbons in the ring.
Out-of-plane vibration of
benzene ring: in-phase vibration
of C1 and C4 counteracted by
in-phase vibration of the
remaining carbons in the ring.

5.4 Effects of cooling on the high frequency spectra

Establishing the reliability and accuracy of the experimental set-up used here, the
temperature dependence of the absorption lines was explored and the result is shown in Figure
5.2. All of the intra-molecular absorption lines in Table 5.1 did not show any significant change
in position, intensity and line width when cooling to below 10 K, within the accuracy of the setup used. Regarding emergence of extra absorption lines which might not have been resolved at
room temperature, there was only one line which started appearing at 58K. This line at 239 cm -1
in the experiment was obtained in the numerical modeling at 246 cm-1 with TPSSh method.
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Figure 5.2: Absorption spectra of 2, 4-DNT measured at different temperature compared to the
spectrum calculated in harmonic approximation without thermal excitations (vertical lines).
Temperature range from top to bottom: 6.9, 7.2, 7.6, 8.3, 10, 17, 58, 116 and 185K. The spectra
were offset for clarity. (Lines k and vii are not shown because the spectra were noisy in the
ranges they appeared).

5.5 Low frequency spectra

Access to low temperatures enabled observation of numerous additional absorption lines,
which were obscured at room temperature by strong thermal excitations. These absorption lines
correspond to inter-molecular vibrations and they did not appear in the numerical model of a
single molecule of 2, 4-DNT. Figure 5.3 shows emergence of new absorption lines below 3 THz
at low temperatures. The strongest lines appear between 1.2 and 2 THz. Comparison with the
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literature (Table 5.3) shows that the absorption lines at 1.07, 1.24, 1.47, 1.66 and 1.96 THz were
also observed by Laman et al. [91], who used the Time-Domain Spectroscopy at 11 K. From this
study, FTIR measurements at both 7 and 21 K give new absorption lines at 1.14, 2.05, 2.11, 2.24
and 2.51 THz, in addition to the lines observed by Laman et al. The absorption lines are in the
far infrared region and hence they can be attributed to phonon or intermolecular modes. This is a
reasonable assumption, because a typical optical phonon frequency is 1 - 6 THz [176].

Figure 5.3: Transmission spectra of 2,4-dinitrotoluene observed at low temperatures. All the low
temperature spectra have been offset along the vertical axis for clarity. Temperature range from
top to bottom: 245, 231, 217, 203, 189, 175, 161, 147, 133, 119, 105, 91, 77, 63, 49, 35, 21 and 7
K.
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Table 5.3: Comparison of observed absorption lines in 32-90 cm-1 region with previous work, for
both room temperature and low temperature measurements.
Chen et al. [106]

Our experiment

Laman et al. [91]

Room temperaure

Room temperature

Room

(TDS)

(FTIR)

temperature

Laman et al. [91]
11K

Our experiment
7K

(TDS)

Our
Labels

(FTIR)

(TDS)
(THz)
1.08
1.36

2.54

-1

(cm )
35.6

-1

(THz)

(cm )

(THz)

(cm-1)

(THz)

1.08

35.5

1.06

35.0

1.07

44.8

83.8

2.64

87.1

(cm-1)

(THz)

(cm-1)

35.3

1.07

35.3

A

-

-

1.14

37.6

B

1.20

39.6

1.24

41.2

C

1.46

48.2

1.47

48.6

D

1.60

52.8

1.66

54.8

E

1.92

63.4

1.96

64.9

F

-

-

2.05

67.6

G

-

-

2.11

69.6

H

-

-

2.24

74.0

I

-

-

2.51

82.8

J

Figure 5.4 shows the result of the numerical calculations for two 2, 4-DNT molecules.
PBE0 and TPSSh methods utilizing TZVPP and QZVPP basis set function respectively, with
diffuse augmentation, were used and the result compared with the experiment. Different basis
functions were used with these two methods because convergence could not be obtained with the
combination of PBE0 method and QZVPP basis set as well as the combination of TPSSh method
with TZVPP basis set. TPSSh method gives a better agreement as compared to PBE0. This
method is of high quality than the PBE0 method and it was as well used with a high level basis
set, QZVPP. Therefore, TPSSh method is expected to give accurate and more reliable results
than the PBE0 method. The good agreement between this result and the experiment further
supports that the absorption lines below 2 THz are due to interactions between the molecules.
Not all the experimental absorptions lines were obtained in the calculations because only two
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molecules were modeled. Calculations with more molecules could not be completed because
they are excessively time consuming.

Figure 5.4: THz transmission spectrum of 2, 4-dinitrotoluene at 7K compared to the numerical
calculations using PBE0 and TPSSh methods.

The vibration modes corresponding to some of the observed lines were obtained from
numerical data and are shown in Table 5.4. Figure 5.5 shows the optimized geometry of the two
DNT molecules, to help interpret the vibrational modes described in Table 5.4. Initial geometry
for this dimer modeling was such that both molecules were in-plane and the out-of-plane
structure shown in Figure 5.6 was obtained after a lengthy geometry optimization using Tight
Optimization option in Orca package, with convergence criterion for energy of 27x10 -6 eV.
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Table 5.4: Numerical modes corresponding to some of the experimental absorption lines
calculated with TPSSh method utilizing def2-QZVPP basis set. First 6 numerical modes were not
infrared active. Carbons in the C6 ring are numbered clockwise starting from the CH3 group for
molecule 1 and anti-clockwise for the molecule 2 (Figure 4.6).
Numerical

Experimental

Mode

line

Number

assignment

7

A

Wavenumber

Description of vibration

-1

(cm )

35.14

In-plane, anti-phase vibration of the two molecules, along the
C1-C4 line of molecule 1 and C2-C5 line of molecule 2. Small
out-of-plane, in-phase component of vibration.

8

E

53.52

In-plane, anti-phase vibration of the two molecules, along the
C2-C5 line of molecule 1 and C3-C6 line of molecule 2. Mixed-in
out-of-plane, in-phase vibration of the molecules.

9

E

53.72

In-plane, anti-phase movements of the two molecules, along C3C6 line of molecule 1 and C2-C4 line of molecule 2. Mixed in
out-of plane vibration of molecule 1. Out-of-plane vibration of
NO2 attached to C4 of molecule 1. Twisting of NO2 attached to
C2 of molecule 2. Twisting of CH3 of molecule 2.

10

E

59.60

Out-of-plane, anti-phase vibration of the two molecules. Strong
twist of NO2 attached to C4 of molecule 2. Weaker twist of NO2
attached to C2 of molecule 2. Weaker twist of NO2 attached to C4
of molecule 1.

11

F

64.58

In-plane anti-phase vibration of the two molecules. Weak out-ofplane, in-phase vibration of the two molecules. Strong twist of
NO2 attached to C4 of molecule 1. Weaker twist of NO2 attached
to C6 of molecule 1, in anti-phase to the other NO2.

12

H

70.95

Out-of-plane, in-phase vibration of the two molecules. NO2
groups of molecule 1 vibrate out-of-plane, in-phase to each
other. NO2 groups of molecule 2 vibrate out-of-phase to the
adjacent NO2 groups of molecule 1.

13

I

74.48

Out-of-plane, in-phase vibration of the two molecules. Strong
twist of NO2 attached to C6 of molecule 1. Out-of-plane
vibration of NO2 and CH3 attached to the molecule 1, in phase
with each other. Twist of CH3 attached to molecule 1.
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Figure 5.5: Optimised geometry of two 2,4-DNT molecules, using TPSSh/def-2-QZVPP
methodwith Orca package. Molecule 2 is on top of the molecule 1. Carbon atoms for molecule 1
are shown as teal, while for the lolecule 2 they are cyan, to easier distinguish the two. Nitrogen,
oxygen and hydrogen are blue, red and white, respectively. This image was produced using
Vesta software [156].

Figure 5.6 shows by how much an absorption line shifts with temperature from its initial
position at the maximum temperature at which it was first observed during cooling. Most of the
absorption lines shift to higher energy upon cooling. This blue shift appears to be linear in
temperature. The blue shift with cooling is attributed to the decreasing bond lengths as the
sample gets cooler [1] and it can also be attributed to the anharmonicity of the vibrational modes
[91]. However, the absorption lines A, D, G and I shift to lower energy with cooling. This red
shift with cooling suggests that the absorption mechanism leading to the lines A, D, G and I is
different to that for the other lines. Alternatively, the distance between the groups of atoms
responsible for the absorption lines A, D, G and I may increase with cooling.
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Figure 5.6: Change of the absorption line frequency from its initial position at the maximum
temperature at which it was first observed during cooling, plotted against temperature.

The other distinctive feature of the absorption lines is the reduction in the line width with
decreasing temperature as well as the sharpening of the line, as shown by Figure 5.7 and Figure
5.8 respectively. This behavior is systematic for all absorption lines at temperatures below 100
K, while there are fluctuations in both the line width and the line intensity for the lines C and E
at higher temperatures. Interestingly, the frequency shift of the line C is linear throughout the
temperature range, while it is anomalous for the line E above 200 K.
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Figure 5.7: Change of the absorption line width with temperature.
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Figure 5.8: Change in absorption line intensity with temperature.

The rates at which the energy, the line width and line intensity changed with temperature
are presented in Table 5.5. The parameters in this table were extracted from the observed spectra
assuming a linear temperature dependence of the three properties of the lines. It was observed
that most of the lines which red shifted with temperature have a higher rate of shift as compared
to the lines which blue shifted with temperature. Regarding the line widths, there was no
straightforward trend observed in the rate of change. The rate of change of the line width is
haphazard; in some instances it is high for lines which blue shift with temperature and other
instances it is vice versa for lines which red shift with temperature.
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Table 5.5: Change with temperature of the main properties of the absorption lines.
Label

Position shift
(cm-1/K)

(MHz/K)

Line width shift
(cm-1/K)

Intensity decrease

(MHz/K) (a.u/K)

A

0.0024

72

0.0102

306

0.0017

B

-0.0209

- 626

0.0116

348

0.0016

C

-0.0200

- 600

0.0114

342

0.0021

D

0.0039

117

0.0262

786

0.0010

E

-0.0181

-543

0.0255

765

0.0035

F

-0.0079

-237

0.0429

1290

0.0003

G

0.0044

132

0.0091

273

0.0009

H

-0.010

-300

0.0045

135

0.0020

I

0.0130

390

0.0732

2190

0.0028

J

-0.0137

-411

0.0492

1480

0.0029

5.6 Conclusion

Intra-molecular absorption lines of 2, 4-DNT appear above 2.6 THz and they do not show a
significant change with cooling the sample to 5K. A new intra-molecular line was observed at
8.52 THz, which corresponds to stretching vibration mode of the carbon ring. New absorption
lines start appearing at ~250 K and they change with temperature. They appear below 2.6 THz.
Most of the absorption lines red shift linearly with temperature. However, four of these lines blue
shift with temperature. The line-width of all these absorption lines increases with temperature
below 100 K, while for the two strongest lines it decreases with temperature above 100 K.
Similarly, the line intensity decreases with temperature for all lines below 100 K, while for the
two strongest lines the intensity attains a maximum between 100 and 200 K. These findings can
help improve the detection reliability of the explosive precursor 2, 4-DNT and also improve the
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understanding of inter- and intra-molecular dynamics in this compound and other related
compounds. These findings can also in general motivate similar studies of the explosive
materials especially the temperature dependent studies which are very scarce. This will boost the
already available database and help advance fundamental understanding of THz spectroscopy for
easier detection and characterization of these kinds of materials. Previous temperature
dependence characterization of explosives has been done using the waveguide THz-TDS system
rather than conventional FTIR. The result presented shows the robustness of the conventional
FTIR in temperature dependence studies of the infrared spectra of explosives. It has been shown
that just like the waveguide technique; the FTIR has the ability to produce narrow vibrational
linewidths in solids at cryogenic temperatures. The sample cooling revealed many underlying
absorption lines and hence it provides opportunities to assign the different absorption lines to
specific motions in the crystal with the use of theoretical calculations.
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6. THz spectroscopy studies of biochar, terra preta and Australian soils

6.1 Introduction

Terra preta has gained increasing interest in recent years because of the spectacular
properties that it possesses in comparison to adjacent soils. The characteristics of this kind of soil
have initiated a number of studies which include the investigation of bio-chars which are simply
artificial terra preta. It has been found out that when added to the soil, biochars may improve
important soil qualities such as its fertility and its water holding capability. However, it is not all
the types of biochar that can improve soil quality. Some of these materials are good fertilizers
while some of them are not. It is still not known what constitutes a good biochar and what does
not.
While the manufacture of these materials is straightforward, their characterization cannot
yet be considered easy. Different techniques have been employed in this task, but with little
success. In this chapter, different types of biochar samples will be screened using the FTIR
spectroscopy. It will be investigated if this technique is capable of picking up differences
between these materials as a way to characterize them. The biochar materials are of complex
structure in that they contain a variety of unknown compounds. The spectra of the biochar
samples will be compared to the spectra of commonly known pure compounds to determine the
origin of the absorption peaks which might appear in the spectra of these materials. Theoretical
modeling of pure aromatic compounds using Density Functional Theory methods will be
employed to assist in the interpretation of the spectra presented by these materials. The
similarities between the biochar and the terra preta will be established. This will be helpful in
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differentiating good biochar from bad biochar. A further comparison will be made between the
fertile soils of the Amazon basin (terra preta) and some of the soils obtained from Australia. The
purpose of this comparison is to ascertain if the FTIR techniques can detect any difference
between the two groups of soils and, one hopes, to provide further insights into key components
of these soils that are relevant for their fertility.
6.2 Method

Several biochar samples were measured. Samples were first dried in an oven of 50 °C for
20 minutes to remove water. They were then diluted with polyblend powder and pressed in a
pellet of 13 mm diameter and 0.5 mm thickness at 1.5 psi for two minutes. The particle sizes of
the biochars were estimated to be less than 1 micron. The filler powder, branded Polyblend
100XF (PB100XF) was supplied by Micropowders Inc. This material is a very good transmitter
in the terahertz frequency range and is easy to pelletize. Biochar with mineral compounds
(BMC) samples are very absorbing material and thus their concentration was kept very low at
about 6% by weight, in each pellet. All samples were measured in the transmission setup of a
DA8 BOMEM Fourier Transform Spectrometer. In addition to these biochar samples were seven
soil samples. These includes two Amazonian soils, named TP1 and TP18, plus five Australian
soils named KV1, KV2, KV3, KVG and JG. The soil samples were prepared for measurements
in a similar way to the biochar samples. More measurements were performed using the
accelerator based source at the Australian synchrotron. Table 6.1 gives a brief description of the
biochar samples measured.
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Table 6.1: Different forms of measured biochar samples
Biochar
BMC5
BMC6
BMC7
BMC10A
BMC16
BMC17

Description
These biochar samples made from eucalyptus char, clay and some
mineral compounds. The exact composition of these materials cannot be
disclosed due to the intellectual property issues.

6.3 Spectra in 200-500 cm-1 (6.06-15.15 THz) range
This section shows the experimental spectra in the 200-500 cm-1 (6.06-15.15 THz) range
for prototype fertilizers (BMC samples), for two samples of the Amazonian dark soils (TP1 and
TP18) and for five samples of Australian soils collected from Wollongong in the Illawara region
of Australia. A comparison was made between the measurements taken with the globar and the
measurements performed with the synchrotron. These can be seen in Appendix E. There was
little difference noticed in the room temperature measurements obtained using the globar (which
is the conventional source) and the use of the accelerator source. In some cases, the broad
absorption peaks in the spectra obtained using the globar source were smeared out in the
synchrotron measurements probably because of the high concentration of these materials in the
synchrotron samples, which was double of the globar samples. The results from Chapters 4 and 5
will later be used to try and establish absorbing constituents of these complex compounds.
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6.3.1 Biochar with Mineral Compound (BMC) samples

The absorption spectra of several BMC samples are presented in Figures 6.1. The spectra
are characterized by broad and weak absorption peaks. The regions in which the observed peaks
are situated suggest some similarities between these materials. The peak positions were
identified and their intensities calculated by fitting the peaks to a Lorentzian curve (see Appendix
A). These can be seen in Table 6.2.

Figure 6.1: Terahertz transmission spectra of different Biochar mineral compounds (BMC)
samples. The spectra are vertically offset for clarity.
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Table 6.2: Identification of the absorption peak positions and intensities (in brackets) for Biochar
with Mineral Compounds (BMC) samples.
BMC5
cm-1 a.u

BMC6
cm-1 a.u

BMC7
cm-1 a.u

BMC10
cm-1 a.u

BMC16
cm-1 a.u

BMC17
cm-1 a.u

275 (0.017)

279 (0.018)

279 (0.031)

355 (0.039)

333 (0.362)

257 (0.030)

344 (0.033)

341 (0.024)

346 (0.021)

458 (0.05)

398 (0.022)

352 (0.238)

368 (0.010)

387 (0.015)

428 (0.028)

426 (0.033)

396 (0.009)

398 (0.010)

434 (0.028)

461 (0.09)

461 (0.040)

469 (0.151)

430 (0.013)

465 (0.236)

468 (0.020)

Figure 6.1 shows the potential of THz spectroscopy in distinguishing bio-char samples.
This is clear in the different features or absorption bands seen in the spectra presented. BMC5,
BMC6 and BMC7 all produce absorption peaks at approximately 275, 345, 370 and 430 cm-1
(8.33, 10.45, 11.21 and 13.03 THz). This is shown clearly in Figure 6.2 with the lines labeled
“ii”, “y”, “iii”, “iv”, “v” and “vii”. This labeling of the absorption bands was adapted from
Chapters 4 and 5 where common bands were identified between the pure aromatic compounds.
(A comparison will be made between BMC5 and the individual compounds in the numerical
modeling section to clearly show the common bands). There are however, small differences
between the spectra of these materials: while BMC7 does not show a well-defined absorption
band at 370 cm-1 (11.21 THz), BMC5 shows a pronounced absorption band at 398 cm-1 (12.06
THz), which also appears in both BMC16 and BMC17. The agreement between some of the
absorption bands displayed by these materials indicates that the samples contain the same groups
of compounds. A more detailed comparison of BMC5 and the aromatic compounds will be made
in Section 6.4 to establish group of compounds present in the biochar samples.
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Figure 6.2: Illustration of similarities in the transmission spectra of bio-char samples mixed with
mineral compounds. For clarity not all BMC samples are shown here.

6.3.2 Comparison of the spectra of biochar and spectra of pure aromatic compounds

Different pure aromatic compounds were studied in Chapters 4 and 5. The results of these
chapters enable a comparison to be made between these materials and the biochar samples. This
was motivated by the fact that terra preta gets its high fertility from the high concentrations of
the aromatic compounds [108] and that the biochar was made in attempt to emulate the fertility
of terra preta. Putting the spectra of these aromatic compounds together, as can be seen in Figure
6.3 reveals a very good agreement in some of the observed absorption peaks in the spectra of
these materials. This is not unexpected, since these compounds have similarities in their
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molecular structures, as described in the previous chapters. There are however shifts in the
observed energies which may be due to the effects of different functional groups. All these bands
have been assigned in Chapters 4 and 5.

Figure 6.3: Transmission spectra of pure aromatic compounds.
A comparison of the transmission intensities of some of the pure compounds and BMC5
was made in Figure 6.4. BMC5 was chosen among other BMC samples because it showed
multiple pronounced peaks and its spectrum had less noise as compared to the rest of the
samples. There was rather a good agreement in the observed spectra of BMC5 and the pure
aromatic compounds, despite some of the lines being shifted in energy. This match between the
absorption lines displayed by the biochar and the pure aromatic compounds shows that biochars
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do contain aromatic compounds as the primary constituents. However, it has to be noted that the
claim is not being made that the biochar contains the pure compounds shown in Figure 6.6 but
rather it contains related compounds that give the absorption bands at similar wavenumbers due
to similar bond rigidity and mass of atoms that vibrate.
The absorption band appearing at 430 cm-1 (13.03 THz) in BMC5 sample denoted “v”
appeared at 429 cm-1 (13.00 THz) for 2, 4-dinitrotoluene, BA and 2OH-BA. The BMC5 band at
398 cm-1 (12.06 THz), denoted “iv” appeared at 387 cm-1 (11.72 THz) for 2, 4-dinitrotoluene, at
397 cm-1 (12.03 THz) for 2OH-BA and at 389 cm-1 (11.79 THz) for benzoic acid. The band at
344 cm-1 (10.42 THz), in BMC5 denoted “y” did not appear in 2OH-BA or BA but it was
observed in 2, 4-dinitrotoluene at 349 cm-1 (10.56 THz). The BMC5 band at 276 cm-1 (8.36
THz), denoted “ii”, appeared in benzoic acid at 287 cm-1 (8.69 THz) and it appeared at 281 cm-1
(8.52 THz) for both 2OH-BA and 2, 4-dinitrotoluene. This is the band which has been attributed
to intermolecular interactions. The band at 368 cm-1 (11.15 THz) in BMC5, denoted “iii”
matches the band at 367 cm-1 (11.12) in 2OH-BA and the band at 374 cm-1 (11.33) in BA. This
band does not have a matching band in 2, 4-DNT. Finally, the BMC5 band at 471 cm-1 (14.27
THz), denoted “vii”, appeared in 2, 4-dinitrotoluene at 473 cm-1 (14.33 THz) and 2OH-BA at
461 cm-1 (13.97 THz). All of these compounds consist of a benzene ring to which different
functional groups are attached and it was found that the lines common to all of these compounds
originated, for the most part, from the benzene ring as can be seen in Tables 4.4-4.6 and Table
5.2 where the vibration modes related to the lines are described.
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Figure 6.4: Comparison of the THz transmission for a set of pure aromatic compounds and
BMC5.

6.3.3 Comparison of the spectra of biochar and the spectra of non-aromatic compounds
It has been shown in Figure 6.4 that BMC samples do show signatures of aromatic
compounds. However, it is still essential to compare this result with the spectra of a nonaromatic compound to clarify the origin of the observed absorption bands. Docosane was chosen
for this part because it is an aliphatic compound (non-aromatic compound which is a chain of
carbons) that occur during the pyrolysis procedure of organic matter [178]. From the
comparison (Figure 6.5), it can be seen that docosane does not have any pronounced absorption
bands corresponding to those displayed by the aromatic compounds or the BMC5 sample. This
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verifies the proposition that the absorption bands observed in the BMC samples are associated
with aromaticity.

Figure 6.5: Comparison of the spectra of BMC 5, pure aromatic compounds and a non-aromatic
compound.

6.3.4 Spectra of Amazonian dark soils and Australian soils

Figure 6.6 presents the spectra of the Amazonian dark soils and the Australian soils. The
soil samples KV samples were taken from the Kangaroo Valley, NSW, Australia. The JG sample
was taken from a suburban garden in Wollongong, which has been maintained for ten years. It is
made of red gum mulch and it has not been exposed to bushfire. KV1-KV3 samples were sandy
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plateau soils with burnt matter mixed in. The KVG soil was collected from the edge of the
plateau, containing mainly the decomposed leaf litter and bushfire residues. The JG and KVG
samples which are believed to be fertile have almost similar spectra which however differ from
the terra preta. This shows that just the decomposition of leaf litter does not give terra preta. The
spectra of the sandy soils, which are not particularly fertile, are different to the terra preta
samples and the other two Australian soils in this spectral range (Figure. 6.6).

Figure 6.6: THz spectroscopy of soils. The KV and JG samples were obtained in Australia and
the TP samples are the fertile human-made dark soils of the Amazon.
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6.3.4.1 Comparison of Amazonian dark soils and biochar

Artificial terra preta (BMC samples in this study), as already mentioned, was produced in
an attempt to reproduce the high fertility of human-made Amazonian dark soils [179]. These
soils have been previously characterized by high percentages of aromatic carbons to which their
elevated fertility has been related [108]. It has been previously shown (section 6.3.2) that there
are signatures of aromatic carbons in BMC samples. Comparison of the BMC and the terra preta
shown in Figure 6.7 shows a striking similarity between their spectra. The absorption peaks
labeled “ii”, “y”, “iii”, “v” and “vii” are common in both the spectra of the TP samples and most
BMC samples, represented by BMC5. However, there is a shift in the peak positions and the
variation in the relative peak intensities. The difference in the intensity of the absorption peaks
may be a reflection of a variation in the type and amount of aromatic compounds in these
samples. Furthermore, Figures 6.2 and 6.6 suggest that the absorption bands at 272 cm-1 (8.24
THz), denoted “ii”, 340 cm-1 (10.30 THz), denoted “y”, 428 cm-1 (12.97 THz), denoted “v” and
471 cm-1 denoted “vii” are associated with soil fertility, since they appear only in the known
fertile TP samples and some of the BMC samples.
The agreement between some of BMC spectra with the terra preta spectra shows that these
materials contain the same group of compounds, which are aromatic compounds. This result
suggests that information of the type of the aromatic compounds in terra preta is a key factor in
development of organic fertilizers that would provide soil fertility similar to the terra preta soils.
The precise peak positions of bands associated with fertility for the different samples are given in
Table 6.3.
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Figure 6.7: Comparison of the spectra of the fertile human-made dark soils of the Amazon TP1
and TP18 with the spectrum of BMC5 sample.

Table 6.3: Common peak positions and their intensities (in brackets) for TP18, TP1 and BMC5.
PEAK

TP18
cm-1

TP1
THz

cm-1

BMC5
THz

cm-1

THz

ii

271.6(0.031)

8.23

273.6(0.100)

8.29

275(0.017)

8.33

y

340.0(0.022)

10.30

341.7(0.047)

10.35

344(0.033)

10.42

iii

364(0.004)

11.03

363(0.002)

11.00

368(0.010)

11.15

v

428.4(0.010)

12.98

428.9(0.034)

12.99

430(0.013)

13.03

vii

467.9(0.023)

14.23

468.7(0.077)

14.20

468(0.02)

14.18

174

6.4 Numerical modeling

As shown in Chapters 4 and 5, there is an agreement between the experiment and the numerical
modeling for the studied pure compounds. This enables a better assignment of the BMC5
absorption bands. BMC5 displayed six distinct absorption bands in the considered energy range,
denoted “ii”, “y”, “iii”, “iv”, “v” and “v” in Figure 6.2 These bands appear at 275, 344, 368,
398, 430 and 468 cm-1 (8.33, 10.42, 11.15, 12.06, 13.03 and 14.18 THz), respectively. A
comparison of the experimental spectra for BMC5 and the pure aromatic compounds has already
been made in Figure 6.4. In this section the absorption bands of BMC5 will be assigned using the
theoretical lines of 2, 4-DNT, 2OH-BA and BA. The assignment of the absorption bands of these
compounds was made in Chapters 4 and 5 mainly based on the vibration modes. Here the modes
will be matched with the approximate vibration frequencies of BMC5. The method which gave a
better agreement between theory and experiment for various compounds was chosen for the
assignment of the absorption bands. However, it has to be noted that the vibration modes were
found to be similar for the theoretical lines for both TPSSh and PBE0.
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Figure 6.8: Comparison of the THz transmission for BMC5 and 2, 4-dinitrotoluene, experiment
and modeling (TPSSh method).

Figure 6.8 gives a comparison between the spectra of BMC5 and 2, 4-dinitrotoluene, as
well as the theoretical absorption lines for 2, 4-dinitrotoluene. There is a clear correspondence
between most of the observed absorption bands for BMC5 and 2, 4-dinitrotoluene. The
experimental band for 2, 4-dinitroluene at 281 cm-1 (8.52 THz) agrees well with the BMC5 band
centered at 275 cm-1 (8.33 THz). This band was found to be due to the intermolecular
interactions from the calculations of BA and thus it is not assigned to any theoretical line from 2,
4-DNT. The BMC5 line denoted “y” corresponds to the merge of 2, 4-DNT theoretical lines
denoted “n” and “p”. From analysis of the vibration modes, these lines are mainly a result of the
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NO2 functional groups further showing that the BMC and TP samples contain compounds
similar to 2, 4-DNT. The band appearing at 387 cm-1 (11.73 THz), for 2, 4-DNT corresponds
well with the calculated line at 390 cm-1 (11.82 THz), which is also close to the observed BMC5
band at 398 cm-1 (12.06 THz) denoted “iv”. The calculated line at 435 cm-1 (13.18 THz)
corresponds to the observed 2, 4-DNT band at 429 cm-1 (13.00 THz), which agrees well with the
observed BMC5 band at 430 cm-1 (13.03 THz) denoted “v”. The BMC5 band at 468 cm-1 (14.18
THz), denoted “vii” corresponds to the calculated line at 482 cm-1 (14.60 THz), which is also
close to the observed 2, 4-DNT band at 473 cm-1 (14.33 THz). The band at 298 cm-1 (9.03 THz)
in 2, 4-DNT is not observed in BMC5. This band is mainly associated with the NO 2 and CH3
groups and its absence in the BMC5 sample indicates that the BMC samples do not necessarily
contain 2, 4-DNT but rather other aromatic compounds. Despite the energy shifts which are
common with the DFT-based methods, overall a very good correspondence was obtained
between the BMC5 and the 2, 4-DNT spectra, which is also described quite well by the
numerical modeling.
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Figure 6.9: Comparison of the THz transmission for BMC5 and 2-hydroxybenzoic acid,
experiment and calculation (PBE0 method).

Figure 6.9 presents the comparison between BMC5 and 2OH-BA, as well as the theoretical
absorption lines for 2OH-BA. There is an agreement between most of the observed bands for
2OH-BA and BMC5. The absorption band denoted “ii” is an intermolecular band and does not
have corresponding theoretical line from the calculations of a single molecule of 2OH-BA. Band
“iii” for BMC5 matches the 2OH-BA broad absorption band at 367 cm-1 (11.12 THz) and they
have a matching theoretical line at 373 cm-1 (11.30 THz). The band denoted “iv” for BMC5
agrees with the 2OH-BA absorption band at 397 cm-1 (12.03 THz). These bands do not have a
matching theoretical line and they are believed to be due to intermolecular interactions. The

178

calculated lines “v” and “vii” describe well the observed 2OH-BA absorption bands at 430 and
461 cm-1 (13.03 and 13.97 THz) respectively, which are also in agreement with BMC5 bands,
denoted “v” and “vii”.

Figure 6.10: Comparison of the THz transmission for BMC5 and benzoic acid, experiment and
calculations (PBE0 method).

Figure 6.10 illustrates the comparison between BMC5 and benzoic acid, as well as the
theoretical absorption lines of benzoic acid. The BMC5 band denoted “ii” matches well the BA
band at 286 cm-1 (8.67 THz) but they do not have matching theoretical line from the single
molecule calculations. These bands however correspond to the two theoretical lines at 265 and
309 cm-1 (8.03 and 9.36 THz) from the dimer calculations showing that they are intermolecular.
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On the other hand, there is an excellent agreement between band denoted “v” for both BA and
BMC5 which also appeared in the theoretical results. The BMC5 band denoted “iii” matches
well the BA band at 374 cm-1 (11.33 THz). These bands correspond to the theoretical lines at 386
cm-1 (11.70 THz) for a single molecule, and 391 cm-1 (11.85 THz) for a dimmer. The BMC5
band denoted “y” does not have a matching band in BA and it has been attributed to compounds
associated to 2, 4-DNT. There is no evidence of BMC5 band denoted “vii” in BA but this
corresponds to the merge of the two intermolecular lines at 457 and 469 cm-1 (13.85 and 14.21
THz). This suggests that this line is there for BA but it is not resolved by the system especially
that there is an artifact in that region. Lastly, two BA bands at 230 and 449 cm-1 (6.97 and 13.61
THz) do not have any matching band suggesting that BMC5 sample does not contain BA but
other aromatic compounds.
The comparison of the BMC5 spectrum with the spectra of pure compounds made above
reveals that there are signatures of these compounds in BMC5, which is supported by matching
absorption bands despite the shift in energy. These bands were also found in the spectra of terra
preta further revealing that they also do have signatures of aromatic compounds. Hybrid DFT
modeling of the single molecules of benzoic acid, 2-hydroxybenzoic acid and 2, 4-dinitrotoluene
was used to help in the identification of the observed absorption bands for the biochar and the
terra preta samples. The lines common to all the compounds were found to be due to the motion
of the benzene ring and were not specific to each of the compounds studied. The descriptions of
the vibration modes associated with each absorption band are set out in Chapters 4 and 5.
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6.5 Conclusion
THz spectroscopy between 250 and 500 cm-1 (7.58 and 15.15 THz) proves significant in
distinguishing biochars, Australian soils as well as terra preta soils. Despite common peaks
between these compounds, their spectra have clear differences. A group of BMC samples
represented by BMC5 shares most of their absorption bands with the fertile terra preta samples,
which shows that they may contain the same groups of compounds. A comparison between the
spectra of BMC5, TP samples and the spectra of pure aromatic compounds revealed many
common peaks between these materials, showing that there are signatures of aromatic
compounds in the biochar and TP samples. Numerical modeling of pure compounds, based on
hybrid DFT theory, helped identify the vibrational modes for the obtained absorption bands. This
is turn helped identify the absorption bands for both the biochar and the terra preta samples.
Several studies have previously shown that terra preta soils are fertile because of their high
concentration of aromatic compounds. This study suggests the possibility to replicate the fertile
soils anywhere in the world, which will be of great benefit to the Agricultural sector. To be
successful in duplicating the high fertility terra preta, it will be essential to know particularly the
aromatic compounds in that soil and the exact concentration.
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7. Conclusion

THz spectroscopy of a range of solid materials has been investigated using the FTIR
technique. The measurements give information about materials which can help in the growth of
the THz field as well as the improvement of the already existing techniques. Investigation of the
terahertz spectra of materials is essential for sample characterization, assurance of quality as well
as for security detection. Many materials present spectra rich in features at low energies (~ 3
THz) but it is still however essential to know the properties of materials at higher energies
(intermediate THz frequencies). Study of materials over a wide range of frequencies avails a
more detailed database of the materials which will help in effectively and efficiently
characterizing materials.
In Chapter 3 it was shown that THz radiation can be used to test the quality of materials.
THz radiation together with numerical modeling was used to show that a rubidium bromide
sample left exposed to environment absorbed moisture. This was shown by the appearance of
water absorption lines in the spectrum of rubidium bromide, spectrum which are not usually
present in the spectra of pure samples. THz spectroscopy revealed that when a foreign material is
introduced into a known material; there will be formation of new modes and hence giving a
different absorption spectrum. In the case of molecular compounds like water, among the
induced modes are the libration modes. The study of the absorption spectra can give information
about the molecular fields as well as the nature of interaction between the water and its host
material.
The effectiveness of the THz spectroscopy to characterize materials has been
demonstrated. This is shown by the unique spectra obtained from BA, 2OH-BA and 3OH-BA in
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Chapter 4. These are materials of similar molecular structure but their THz spectra are quite
different hence proving the effectiveness of this technique in distinguishing materials. In Chapter
5 a detailed temperature dependence study of the spectra of one example of the explosive
materials was made. Studies of same sort can help improve the detection reliability of explosive
materials and hence improve the security sector. In Chapter 6 materials of very complex
structures were studied. THz radiation was used to characterize the different forms of biochar
and also to study the Amazon dark soils as well as some Australian soils. A comparison was
made between these materials and they were further compared to pure materials studied in
Chapters 4 and 5 to find their constituents. Signatures of pure compounds from Chapters 4 and 5
were found in the biochar samples which led to a conclusion that materials of this nature contain
aromatic compounds and these compounds are some of the factors that contribute to their
fertility.
It has been shown that the THz spectra of different materials in the frequency range
between 200 and 600 cm-1 are characterized by several absorption bands. Absorption bands in
this frequency are very broad and weak. Temperature dependence of the spectra of the materials
under study was investigated. It was observed that even in this frequency range, as the sample
gets cooler (Chapter 3, 4 and 5) there was emergence of extra absorption lines which were not
seen at room temperature. The absorption lines shifted in energy as the sample got cooler. Some
of the lines became significantly narrow and stronger while some of the lines did not
significantly change. The low temperature measurements further revealed that for some of the
compounds (Chapter4), most of the lines were composite and hence there was a fluctuation in
their properties with temperature. Temperature dependent spectral change gives helpful
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information for the assignment of different absorption lines. The perfection of assignment
promotes application of the THz spectroscopy.
DFT numerical modeling has proven to be an effective tool in the interpretation of the
THz spectra as well as the assignment of the vibration modes. The experimental and the
calculated spectra agreed quite well within the approximations used in these methods. Two
methods of different levels were used which are the lower-level PBE0 and the higher-level
TPSSh. Absorption energies obtained with both methods were in fairly good agreement with the
experiment and the difference between the methods was not significant for the modeled
molecules. The use of different methods is significant in that it gives assurance that what is
obtained is indeed correct rather than being just a coincidence. The effect of the Van der Waals
(VdW) interaction component of the numerical calculations was tested. This was done by doing
calculation with and without the incorporation of the VdW. The same modes obtained with the
VdW interactions were still obtained without the VdW. These were shifted in energy but
however the shift was not significant. Pertaining to the intensity of the modes, there was no
systematic change, as some of the absorption lines increased in intensity while some of them
showed a decrease in intensity. The non significance of the VdW interactions may be due to that
modeling was done on one molecule, where VdW interactions are much weaker than the
covalent bonds. Modeling with molecular crystals would most likely show that the VdW
interactions play a role since crystals are formed by VdW interactions.
Overall, THz spectroscopy is a very useful tool in studying a range of materials; may it be
simple or complex materials. Each material has a unique THz spectrum and hence its
effectiveness in detection and characterization of materials over the entire THz frequency range.
Density functional theory modeling of the infrared spectroscopy is reliable. The reliability differs
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from method to method. For example in Chapter 3, it was found that the PBE0 method is more
accurate as compared to the PBE method, but requiring a long computation time. THz
spectroscopy on the other hand gives an opportunity to test the accuracy and reliability of the
numerical models.
Future Prospects
The interpretation of the temperature dependence is given with scarce ambiguity. For
unambiguous discussion, modeling the THz spectra at different temperatures has to be
considered as well as modeling more than on molecule of the compounds. Numerical modeling
in this work was done at only one temperature because these calculations are significantly time
consuming.
Compounds presented in Chapter 4 are subject to crystal transformation during cooling.
The effect of this transformation from one form to the other which can tested through modeling
of the crystals in the different forms was not attempted due to time constraint. Modeling of the
different configurations of these molecules can be essential in explaining the temperature
dependence of the properties of the lines for example the linewidth.
Signatures of aromatic compounds were found in spectra of biochar and terra preta. It is
still not known specifically which of the aromatic compounds are responsible for the fertility and
how much of them improves the fertility of the soils. Appropriate methods can be further utilized
to determine the exact constituents of the terra preta which give them a remarkable fertility.
Further studies to address the issues mentioned above can help in the realization of THz
applications.
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APPENDICES
APPENDIX A- Line Fitting
A Lorentzian curve was used:
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Therefore: Width=

and area =
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APPENDIX B - Calculated vibrational frequencies of rubidium bromide.
----------------------VIBRATIONAL FREQUENCIES
----------------------6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
45:
46:
47:
48:
49:
50:
51:
52:

19.03
19.25
23.49
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23.65
26.58
26.63
26.67
29.13
29.31
29.35
35.90
36.04
36.10
36.14
42.85
42.89
42.91
50.75
50.78
50.84
54.21
57.23
57.24
57.26
57.53
57.53
62.22
62.24
64.47
66.90
66.91
66.95
67.69
67.71
68.98
69.00
69.04
69.06
69.08
69.11
69.40
73.42
73.43
73.45
78.22
78.22

cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
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cm**-1
cm**-1
cm**-1
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cm**-1
cm**-1
cm**-1
cm**-1
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cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
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cm**-1
cm**-1
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cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
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53:
54:
55:
56:
57:
58:
59:
60:
61:
62:
63:
64:
65:
66:
67:
68:
69:
70:
71:
72:
73:
74:
75:
76:
77:
78:
79:
80:

86.36
94.95
94.99
95.09
99.02
99.09
99.11
99.78
99.87
100.00
103.54
103.65
103.70
106.06
106.08
106.12
113.02
113.03
113.34
113.93
114.00
114.02
114.03
114.07
114.13
114.53
114.62
115.19

cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
cm**-1
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APPENDIX C: This appendix shows the spectra of BA and its derivative collected with a globar
as a source and the synchrotron. A comparison was made to test the reproducibility of the globar
data. The synchrotron measurements took about 4 minutes while the globar measurements took
about 15 minutes. The same detectors were used.
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APPENDIX D: Spectra of biochar and soils using globar and synchrotron sources. This
comparison was made in order to validate the data and as well to establish if the powerful light
source (synchrotron) can resolve absorption bands which were not resolved by the globar. The
synchrotron measurements took a short time (about 4 minutes) as compared to the globar
measurements which took about 14 minutes.
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